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A series of 1, 8-peribridged naphthalenes were synthesized and studied. The 
molecular structures and strain energies of naphtho[1,8-bc]thiete, naphtha[1,8-
bc]thiete 1-oxide, and naphtha[1,8-bc]thiete 1,1-dioxide have been investigated by 
HeI / HeII photoelectron spectroscopy, advanced ab intio calculations and X-ray 
diffraction. The structures were compared with other single-atom peribridged 
naphthalenes (SAPN). We have observed the smallest bridging angle reported to 
date in naphtho[1,8-bc]thiete. On the basis of the ring strain energies obtained 
from this research, we can predict that phosphorus- and silicon-bridged SAPN 
would be stable and amenable to synthesis. The significant distortion of 
naphthalene geometry is reflected in the changes in the electronic structure of the 
naphthalene’s pi system. 
 
The electronic structures of halonaphthalenes (1,5- and 1,8- dibromonaphthalene) 
were also investigated by HeI / HeII photoelectron spectroscopy. The spectra were 
assigned by molecular orbital calculations and compared with the spectra of 
related dibromobenzenes (C6H4Br2). These molecules are ideal for detailed 
analysis of pi orbital and halogen lone pair ionization energies, which can be 
readily identified and resolved; large halogen substituents (bromine) serve as 
internal probes for the intramolecular interaction in the molecules, allowing us to 
deduce the magnitude of intramolecular interactions, and distinguish between 
through-bond and through-space interactions. 
 
 8
The crystal structures of 8-bromo-1-naphthaldehyde-p-tosylhydrazone was 
investigated and compared with other sulfonylhydrazone (tosyl) derivatives. The 
conformation and intramolecular hydrogen bonding are studied. The hydrazone 
and naphthyls units are twisted away from each other by 35º due to the steric 
repulsion between bromine and hydrogen. The crystal packing is dominated by 
NH···O hydrogen bonding and aryl (naphthalene) ring stacking. 
 
A novel compound, (1-bromonaphthalen-8-yl) methyl 8-bromonaphthalene-1-
carboxylate was synthesized and characterized. Its crystal structure was compared 
with 1-naphthoic acid and 1-naphthyl-2-phenyl-propanoate. The anti 
conformation of the two naphthalene rings in (1-bromonaphthalen-8-yl)- methyl 
8-bromonaphthalene-1-carboxylate indicated that this ester is unsuitable for the 
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1.1 Photoelectron Spectroscopy 
Photoionization is a process in which an electron is ejected from an atom or 
molecule by the action of light. It was firstly discovered by Hertz in 1887. He 
discovered that electrons were emitted when a clean metallic surface was 
irradiated with a beam of light. In 1905 Einstein explained the photoelectric effect 
and proposed that the photons which impinge on the surface of a material transfer 
their energies to the electrons in his classic paper about the quantum nature of 
light.  
 
On the basis of the nature of the radiation source there are two types of 
photoelectron spectroscopy: X-ray photoelectron spectroscopy (XPS) and 
Ultraviolet photoelectron spectroscopy (UPS). XPS which is also known as 
electron spectroscopy for chemical analysis (ESCA) uses soft X-ray radiation with 
photon energies of 200-2000eV. The original XPS studies were made on solids, 
but have since diversified to include gases and even liquids.  The photon emitted 
is absorbed by an atom in a molecule or solid, leading to ionization and the 
emission of a core (inner shell) electron. By contrast, UPS, which is also called 
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molecular photoelectron spectroscopy, uses vacuum UV radiation with the photon 
energy range 10- 45 eV. The photon interacts with valence electron levels in the 
molecule or solid, leading to ionization by removing of one of these valence 
electrons. Both XPS and UPS have their advantages and disadvantages. With X-
ray photoelectron spectroscopy it is possible to study the core as well as the 
valence orbitals, however, the resolution attained in most work is no better than 
~0.5eV. With UPS, UV radiation limits the study of the electronic structure to 
valence orbitals only, but a relatively high resolution is attainable (~0.01eV) and 
this allows resolution of vibrational and sometimes even rotational structure in the 
spectral bands.  
 
A related type of electron spectroscopy is Auger spectroscopy (AES). In Auger 
spectroscopy, the beam of high energy radiation is used as irradiation source to 
eject an electron from a core orbital. The resulting positive ion can relax to a 
lower energy state by dropping a valence electron into the core hole. The energy 
released in this process can be either emitted as a quantum of X-radiation (X-ray 
fluorescence) or used to eject a (second) valence electron from the ion. The 
ejected electron is called an Auger electron and possesses kinetic energy 
characteristic of the atom of the element from which it was emitted. The kinetic 
energy is determined by the energy released in ion relaxation and the binding 
energy of the ejected valence electron; hence it is independent of the energy of the 
exciting radiation. For this reason, the light source for Auger spectroscopy usually 
consists of a beam of electrons from a high-powered electron gun. Since an 
impinging electron can lose any portion of its kinetic energy to the bound 
electrons, the primary electrons are ejected with a random distribution of energies 
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while the secondary electrons (Auger electrons) have discrete energies. The 
resulting spectrum exhibits Auger peaks superimposed on a continuous 
background of primary electrons; it is hence displayed as the first derivative of the 
actual spectrum. Auger peaks are often observable in ordinary X-ray photoelectron 
spectroscopy.  
 
Synchrotron radiation is the electromagnetic radiation emitted by electrons 
moving at relativistic velocities along a curved trajectory with a large radius of 
curvature. “Large” here means that quantum effects are negligible. This condition 
applies in particular to particles circulating in electron or positron accelerators, 
whose typical radii of curvature are between several meters to tens of meters. It is 
well known that an accelerating electron should radiate energy. Synchrotron 
radiation is the continuum radiation between ~600Å and ~4Å produced by 
accelerating free electrons in a magnetic field. The name for this method is 
derived from one specific type of accelerator, the electron synchrotron. 
Synchrotron radiation sources provided a boost to photoelectron spectroscopy in 
the late 1980s, and have shown several advantages when compared to standard 
laboratory sources: (1) wide spectral range and easy tenability; (2) brightness and 
polarization; (3) the short time required for measuring the spectra is quite useful 
especially when studying short-lived molecules.  The development of synchrotron 
radiation sources has enabled high resolution studies to be carried out with 
radiation spanning a much wider and more complete energy range ( 5 - 5000 eV ). 
Use of the synchrotron in conjunction with a monochromator can provide a useful 
source between the low-energy (UV) and high-energy (X-ray) photoelectron 
studies. However, such work is and will remain confined to a small minority of all 
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photoelectron studies due to the expense, complexity and limited availability of 
such sources.   
 
The main topic in this thesis is related to Ultraviolet Photoelectron Spectroscopy. 
 
1.2 Ultraviolet Photoelectron Spectroscopy  
1.2.1. Historical Background 
The early developments of UPS can be traced back to the independent efforts by 
two reseach groups in early 1960s: one by Professor A. N. Terenin and his group 
in Leningrad1 and the other by Professor David W. Turner and his research group 
at Imperial College, London University2. In 1961 Terenin used a continuum of 
hydrogen discharge lamp as the light source connected with a vacuum 
monochromator to produce a monochromatic photon source of variable energy for 
ionization and a retarding field analyzer for measurement of photoelectron 
energies1. The hydrogen discharge tube was isolated from the target chamber by a 
LiF window, which helped to limit the radiation energies to ‹ 11.8eV by cutting 
off the wavelength at 1040Å. However, measurement of spectra was still 
complicated by the low intensity of hydrogen discharge source which introduced 
uncertainty by auto-ionization. 
In 1963, Turner and his group introduced helium discharge lamp with the HeI line 
at 584Å (21.22eV) as irradiation source for UPS. The lamp employed 
differentially pumped windowless chamber that encased a helium discharge. This 
source provided an intense and nearly monochromatic line with energy of 
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21.22eV which was adequate to ionize most of the electrons from valence orbitals 
without serious auto-ionizations. The helium lamp was used in conjunction with a 
retarding field analyzer, which was followed by an electrostatic deflection 
analyzer3. The introduction of HeI source opened a new page of applying UPS to 
studying the electronic structures of the molecules. In 1970 Turner published the 
first handbook of HeI photoelectron spectra, which contains spectra of 180 
organic and inorganic compounds. A few years later, Price and his group 
succeeded in applying the HeII resonance line at 304Å (40.81eV) as an alternative 
ionizing source4. Although this resonance line is weaker in intensity than the HeI 
line, it allows ionizations from the inner valence orbitals to be investigated.  
 
1.2.2     Application of UPS in Science 
With the availability of suitable photon sources, UPS soon attracted the interest of 
scientists all over the world. This method was applicable as a useful tool in 
analysis and study of the mechanisms of unimolecular reactions. Moreover, UPS 
has helped in understanding of bonding and interactions of atoms and molecules, 
and is an important technique in studying the valence electronic structures. The 
photoelectron spectra interpreted by Koopmans’ approximation could provide 
complete molecular orbital diagrams that show not only the orbitals, but also their 
interactions between each other. During the short period between late 1960s and 
early 1980s, a large number of UPS spectra of molecules have been analyzed and 
documented in various articles. A handbook containing UPS spectra of over two 
hundred compounds was compiled5-27.  
UPS has the following advantages:  
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(1) Photoelectron spectra can be directly related to the electronic structure.                                
(2) Medium and small sized molecules can be identified from the published    
spectra by using these spectra as “fingerprints”.                                                                                                              
(3) Only a small quantity of sample is required.                                                                     
(4) Short-lived species can also be detected and characterized.  
With its advantages, UPS can be applied to investigate the electronic structures of 
a variety of compounds.  
 
Photoelectron Spectra of Transient Species 
The electronic structure of free radicals and other transient species is very 
important in chemistry, since it helps in understanding the rates and mechanisms 
of chemical reactions. Because UPS permits real-time analysis of gas mixtures, 
UPS is applicable to studies of transient species when the transient species can be 
produced in sufficient amounts to give a relatively strong signal when ionized in 
the spectrometer. The transient species are generated by an electrodeless discharge 
through the parent gas or parent-gas-rare-gas mixture or by pyrolysis of the parent 
molecule.  
 
The first research work of this nature was reported by Jonathan and co-workers28. 
They studied the spectral band corresponding to the first ionization energy of CH3 
in the pyrolysis of azomethane30. The spectra of atomic hydrogen, nitrogen, 
oxygen, fluorine, chlorine and bromine have also been obtained by Jonathan and 
his research group31,32. Dyke et al. 29 pointed out some problems encountered in 
performing such studies. The transient species was generally only a minor 
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component in a mixture of more stable species. The other fragmentation products 
from the parent compounds which are also present in the gas flow, cause an 
overlap in the spectrum. Thus, maintaining a high steady state concentration of the 
transient species is critical. The differential pumping of the equipment as well as 
the parent gas in a suitable cold trap is very important since it may affect the 
stable state of high concentration of the transient species. Necessary instrumental 
modifications were suggested by Dyke29. Since then, this area of research has 
received more and more attention from photoelectron spectroscopists all over the 
world. 
 
The UPS of many kinds of transit or unstable species were investigated. For 
example, the team led by Jonathan and Dyke has investigated many unstable 
molecules or radicals such as CF, PF, FO, NCl, HNO, SiS, CH2Cl, NH2O, etc. 
Peel and his group used a pulsed molecular beam to obtain UPS spectra of 
transient dimers, trimers and cluster molecules33. Bock and colleagues have 
applied UPS techniques in monitoring the course of various gas phase reactions in 
real time34. Their work includes study of many interesting small and medium-
sized molecules generated in various thermal decomposition, atom-molecule, 
molecule-molecule and gas-solid reactions. 
 
Non-bonded Interactions 
In organic molecules which contain heteroatoms or isolated double bonds that 
contain lone pairs, the nonbonding interactions between atoms or groups within 
the molecule often have a strong effect on its electronic structure. For example, 
strong interactions occurred between the halogen lone pairs in the halides of 
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carbon and silicon. The application of UPS provided insight into these interactions. 
In the photoelectron spectra, the lone pair bands can often be identified by their 
low ionization potentials or their relatively narrow contours. 
 
Hoffmann, Imamura and Hehre35 were the first to investigate the existence of 
through-bond interaction between lone pairs by using extended Hückel theory. 
They found out that through-space interaction with overlap integral (Sab) positive 
was the predominant interaction within the molecule. When h, k and l were larger 
than unity, a second order interaction through the C-C and C-H bonding σ orbitals 
predominates. The interactions of oxygen lone pairs were extensively examined36 
and it was discovered that the through-bond interaction was predominant amongst 
the oxygen lone pairs. Moreover, the oxygen and sulfur lone pair ionizations in 
some cyclic ether and sulfides have been studied37. It was discovered that the 
through-space interaction between sulfur atoms was stronger than between oxygen 
atoms. Lake and Thompson studied the chlorine lone-pair ionization in the spectra 
of the dichloroethylenes38; the dichloropropanes and 1, 4- dichlorobutane were 
investigated by Baker and Betteridge39. In their study, the chlorine lone-pairs 
bands were observed in the spectra, but it is more complicated to resolve the bands 
into individual interactions due to the spin-orbit coupling or the stronger 
interaction between one halogen p orbital with the rest of the molecule. 
 
Norbornadiene, barrelene and cis, cis, cis- 1, 4, 7- cyclononatriene were studied by 
UPS to investigate the through-space and through-bond interactions in molecules 
that contain isolated double bonds40-42. A large splitting was discovered between pi 
ionization bands in the spectra of these molecules, which could be interpreted as 
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evidence of the two types of non-bonding interactions.  
 
Substituent Effects on Ionization Potentials 
There are three sources which induce variations in ionization potentials of lone 
pair electrons: 
(1) Conjugative (bonded or non bonded) intramolecular interactions will either 
raise or lower the ionization potential. 
(2) Spin-orbit coupling in halogen lone-pair ionizations will split the 
ionization band symmetrically. 
(3) Local electric charges and the electrostatic effect of near-by dipoles will 
shift the whole ionization band. 
Photoelectron spectroscopy provides a reliable way to measure ionization energies 
and to study substituent effects in organic molecules, especially in the aromatic 
compounds. In the paper by Baker, May and Turner in 1968, photoelectron spectra 
of a number of mono-substituted and para-disubstituted benzenes were reported 
and interpreted in terms of substituent effects43. They found that substituents such 
as –OH, -OR, and –NR2, which exhibit electron-donating properties by a 
conjugative mechanism, split the first band in the benzene spectrum into two parts. 
In the contrast, the substituents which are electron withdrawing by inductive 
mechanism shifted the first band of spectra to higher ionization potentials instead 
of splitting the first band. The observations from photoelectron spectra of benzene 
derivatives provided a better and direct method to investigate the substituent 
effects by UPS.  
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Murrell and Kettle studied the magnitude of effects of halogen substituents on the 
contours of the first two bands of aromatic compounds44. They found that the 
effects on splitting increase in the order of F < Cl< Br< I, while the mean 
ionization potential of the first two bands increases in the opposite direction, I < 
Br< Cl< F. The effect of replacing hydrogen atom in a molecule with fluorine was 
studied by Brundle and Robin45, 46. Their study included both aliphatic and 
aromatic compounds. From their research it was concluded that the σ ionization 
potentials are shifted more towards higher energies in unsaturated molecules than 
the pi ionizations.  
In summary, the development of UV photoelectron spectroscopy provides an easy 
and useful method to study the electronic structures of molecules and to 
investigate the intramolecular interactions. 
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Chapter 2  
 
Experimental Methods of Ultraviolet Photoelectron 
Spectroscopy 
 
A basic photoelectron spectrometer consists of a sample inlet system, a source of 
ionizing radiation, a collision chamber, an electron kinetic energy analyzer, an 
electron detector, amplifier and recording equipment. Vacuum pumps are 
necessary to maintain vacuum within the system.  
Fig. 2.1. Diagram of basic components of the photoelectron spectrometer 
 
2.1 Ionization Sources 
In UPS the radiation source should be monochromatic which ejects monoenergetic 

















monochromatic radiation are the most efficient and most intense ionizations 
sources. The most common sources for UPS are HeI and HeII resonance lines 
produced by lamps in which there is electric discharge through Helium gas. 
 
HeI resonance line at 584Å corresponds to 21.2eV and is the mostly frequently 
used ionization source due to its high energy, ease of production, and relative 
spectral purity. Under conditions of ~2kV, ~30mA and ~0.30 Torr, the He 584-Å 
line which is produced by the 1P1→1S0 emission accounts for more than 98% of 
the emission intensity. Careful analysis of the HeI lines have shown that the most 
intense minority emission lines occur at 537, 522 and 304 Å, and this should be 
considered to avoid confusion in spectral interpretation. The HeII resonance line 
at 304Å (40.81eV) results from the resonance fluorescence of singly ionized He 
atoms. It can be produced by using current with higher density than that used for 
the HeI lines. Typical operating conditions for a HeII lamp are ~4kV and 75mA. 
By increasing the density of the electric current and decreasing the Helium gas 
pressure, a higher intensity of HeII radiation can be produced.  
 
2.2 Collision Chambers 
Collision chamber is the place where gaseous molecules are ionized. The sample 
gas enters the chamber and is ionized by the light beam. A slit in the wall of the 
collision chamber allows the photoejected electrons to enter the analyzer. An 
electrical potential can also be applied to the slit of the collision chamber if 
acceleration or retardation of the ejected electrons is desired before they enter the 
electron energy analyzer. 
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The specific geometry of the chamber is not critical to the resolution and the 
signal intensity. However, the resolution and signal intensity are quite dependent 
on the cleanliness and surface charges of the collision chamber and the slit jaws. 
Uneven and unclean surfaces can result in large shift of an electric potential and 
this result in the shift of position of photoelectron bands. Moreover, when sample 
gases which are highly polar and easily adsorbed on the working surfaces of the 
chamber, the resolution of the system can easily be degraded1. To minimize these 
effects, gold plating or coating of chamber walls with colloidal graphite can be 
applied to obtain good resolution and minimize surface charges. 
 
The solid samples which are not volatile and don’t decompose under heating can 
be heated to produce sufficient vapor pressure and studied. The sample is put in a 
small vial in the upper part of the collision chamber. Then the chamber is heated 
and maintained at constant temperature which produces a stable and adequate 
sample vapor pressure without decomposition. The heating apparatus is either a 
liquid flowing through channels cut in the walls of the collision chamber, or the 
heat produced by the discharge lamp when the chamber is in thermal contact with 
the capillary tube from the lamp.  
 
2.3 Electron Kinetic Energy Analyzer 
The electron energy analyzer is the place where photoelectrons are separated 
according to their kinetic energies. An ideal electron kinetic energy analyzer 
should provide both high resolution and high sensitivity. Several different types of 
analyzers have been applied in photoelectron spectroscopy, such as cylindrical 
electrostatic deflector2-10, hemispherical plates11, 12, parallel plates13-18, retarding 
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fields19, 20, magnetic deflectors21, quadrupole energy filters22 and the pill-box 
spectrometer23.  
 
Fig. 2. 2. Cylindrical electrostatic deflector (pi/2 ½ sector) analyzer24 
 
Among these analyzers, deflection analyzers, which use electric or magnetic fields, 
are commonly used in photoelectron spectroscopy. The cylindrical electrostatic 
deflector ( pi/21/2 sector) analyzer24-33 is one of the most common analyzers used in 
photoelectron spectroscopy. The cylinders of the analyzer span an angle of 
127°17΄ between the entrance and exit slits. In order to focus an electron of energy 





RREk                                                                  (2.1) 
 
2.4 Detection and Recording System 
After passing through the exit slit of deflection analyzer, the electrons will 
impinge upon an electron detector. Electron multipliers can be used to detect the 
electron fluxes. Two types of electron multipliers have been commonly used. The 
first one is known as the “Venetian blind” multiplier tube34. It consists of Cu-Be 
dynodes which are sensitive to surface contaminants, for example, adsorbed 
chemicals or water vapor and should be kept under vacuum all the time. The 
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second one is the electron channel multiplier, which is also known as 
channeltron35. This multiplier produces a more satisfactory detection of 
photoelectrons. It consists of a thin tube coated internally with a layer of high-
resistance material. The electron channel multiplier detectors are very resistant to 
contaminants, so they do not have to be kept under vacuum when they are not in 
use. Moreover, their size is much smaller compared to “Venetian blind” multiplier, 
and this makes them easily adaptable to various instrumental designs. When the 
sample is injected into the spectrometer, a voltage of ~2kV is applied across the 
tube by the electrodes at each end; electrons that enter the tube endure repeated 
cycles of acceleration and collision with the walls and each collision results in a 
cascade of secondary electrons. When the voltage is raised as high as ~3.2kV, or 
when the pressure in the instrument rises dramatically, arcing may occur across 
the multiplier wall, which leads to a loss of gain. 
 
The signal produced by the multiplier is processed by the counting equipment, 
where the pulses or the rate in pulses per second can be counted. A spectrum is 
produced by recording the count rate on the ordinate of an xy recorder and the 
analyzer potential or pre-accelerating potential on the abscissa. Another method of 
obtaining the spectra is to accumulate the number of electrons detected at each 
energy level in a number of rapid scans. After sufficient accumulation, the output 
of the analyzer can be displayed or recorded. 
 
2.5 Magnetic Shielding 
Both the stray magnetic fields and the analyzer field have influence on the 
trajectory of the ejected electron. Because of that the magnetic shielding is very 
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important to exclude the inhomogeneous magnetic fields in the laboratory and to 
make sure that the trajectory of the ejected electrons is only determined by the 
magnetic field of the analyzer. There are two forms of shielding, one is Helmholtz 
coils. Helmholtz coils comprise three pairs of circular coils set perpendicular to 
each other. The three pairs of circular coils are connected in parallel to a power 
supply with variable resistor in series with each coil. The other method of 
magnetic shielding is encasing the analyzer, collision chamber, and detector region 
with high permeability such as “mu-metal” alloy or “ co-nectic” foil. These 
materials effectively shield the sensitive areas from external magnetic fields and 
ensure the undisturbed trajectory of the electron fluxes. 
 
2.6 Vacuum System 
For a gas-phase photoelectron spectroscopy, it is not necessary to have a very high 
vacuum. When a channeltron is used, the pressure should be maintained below  
10 -4  Torr in the spectrometer to prevent arcing of the channeltron and to provide a 
collision-free path for the photoelectrons. The most commonly used pumps for 
gas-phase photoelectron spectrometers are Viton O-rings and oil diffusion pumps, 
which is backed by two-stage rotary pumps. Moreover, additional pumps are 
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Chapter 3   
 
Basic Principles of Photoelectron Spectroscopy 
 
3.1 Photoionization Process 
When molecules are irradiated with a beam of photons of specific energy, the 
molecules interact with the photons and are excited to a higher energy level than 
the initial state. If the energy of photons is larger than or equal to the binding 
energy (Ei) of the electrons in the molecules, electrons will be ejected from the 
molecules. The process could be described by the following equation: 
                                                     MhvM →+ + + e─ 
 
If the energy of the photon ( hv ) adsorbed by molecules is larger than EI, electrons 
will be ejected with a kinetic energy Ek. The equation relating hv , Ek and EI is:  
                                                     Ik EEhv +=                                                      (3.1) 
 
In the equation, υ is the frequency of the irradiation, EI is the ionization energy of 
electron, and Ek is the kinetic energy of electron. In UPS, the kinetic energies of 
electrons are measured by analyzers, so from the equation 3.1, the ionization 
energy EI can be deduced. 
 
3.2 Schrödinger Equation  
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The Schrödinger equation, which was named after Erwin Schrödinger who 
discovered it in 1926, is believed to be the fundamental equation to describe the 
motions of atomic and subatomic systems, electrons and nucleus, even 
macroscopic systems as large as the universe.  The time dependant form of 
Schrödinger equation is as the following equation: 
)( )( t,rt,rΗˆ ΕΨΨ =
                                   (3. 2) 
 
This equation can be illustated as: Where Ĥ is a linear operator acting on the 
wavefunction, one will get the product of the eigenvalue (E) with the 
wavefunction itself. Eigenvalue E is the system energy and should be a real 
number and the operator Ĥ is called the energy operator or the Hamiltonian. When 
the operator Ĥ is independent of time, the Schrödinger equation can be deduced in 
the time independent form as following: 
      
( ) ( )rrΗˆ ΕΨΨ =
                                        (3. 3) 
 
The energy operator Ĥ can be expanded as the combination of operators, such as 
kinetic energy of nuclei, kinetic energy of electrons, potential energy of nuclei-
electrons, potential energy of nuclei-nuclei, and potential energy of electron-
electron. So the energy operator Ĥ could be written as following:  
eennneenucle VˆVˆVˆTˆTˆHˆ ++++=                    (3. 4) 
Seen from the above time-dependent and time independent Schrödinger equations, 
when the Hamiltonian Hˆ and the wavefunction Ψ are defined, the Schrödinger 
equations could be solved and the total system energy could be obtained. However, 
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the Schrödinger equations did not interpret what the Hamiltonian Hˆ is neither the 
wavefunction Ψ. In order to solve the Schrödinger equation for multi-electron 
system people propose a variety of ways to make approximations on both the 
Hamiltonian and wavefunction in the past decades.  
 
3.3 Born-Oppenheimer Approximation 
The Born-Oppenheimer Approximation is the assumption that the electronic 
motion and the nuclear motion in molecules can be separated. So the 
wavefunction of a molecule could be divided into two components. 
nuclearelectronictotal ΨΨΨ ×=
                                       (3. 5) 
 
It has been well known that the nucleus is much heavier than the electrons. The 
mass ratio of nucleus to electron is three to four orders. The nuclear motion is so 
much slower than the electronic motion that it could be considered as fixed. The 
kinetic energy of nuclei is eliminated and the potential energy of nuclei-nuclei 
could be considered as fixed. In terms of this the kinetic energy of nuclei and the 
potential energy of nuclei-nuclei can be eliminated from the Hamiltonian operator, 
and the Hamiltonian operator Hˆ is simplified as following: 
eenee VˆVˆTˆHˆ ++=                                                    (3. 6) 
 
In the simplified equation only three energy operators are left. They are electron 
kinetic energy eTˆ , electron-nuclear interaction energy neVˆ  and electron-electron 
interaction energy eeVˆ . The system can actually be described as all electrons 
moving in a potential field of nuclei with fixed positions. Thus the calculation of 
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the total energy of a molecule is much simplified and computations of molecular 
wavefunctions of large molecule could be solved. 
 
3.4 Density Functional Theory 
Traditional method in solving electronic structure is based on the complicated 
many-body wave function Ψ. This wavefunction is complicated in that it should 
include all the coordinates of the electrons. Thus, for a N-electron system, 3N 
spatial coordinates and N spin coordinates should be considered. The 
wavefunctions are very complicated and some of the coordinates are 
experimentally inaccessible. The density functional theory is an approach that uses 
the electronic density rather than the wavefunctions of quantum mechanics 
calculations. The total electronic energy in Schrödinger equations are expressed as 
a unique function of electron density. Unlike the wavefunctions, the electron 
density is a function of only three spatial variables. By density functional theory 
the calculation is simplified to a large extent and thus allows the calculations to 
perform on a much larger system than in HF theory. Density functional theory 
(DFT) has been very popular for calculations for solid state physics since 1970, 
and is successful in electronic structure calculations in quantum chemistry. 
Moreover, it is successful to complex materials such as proteins and carbon 
nanotubes. 
 
3.4.1 Tomas-Fermi Model 
The history of using the electron density instead of wavefunction to obtain 
information about atomic and molecular systems can be traced to the early work 
of Tomas and Fermi in 1927. In their theory they assumed that electron are 
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distributing homogeneously in the system. The kinetic energy based on the 
uniform electron gas model is given by the following equation:  
( )[ ] ∫= rd)r()3(10
3
rT 3/53/22TF
rrr ρpiρ ,             (3. 7)  
The equation can be expressed in another form: 
∫= rd)r(C)(T 3/5FTF
rrρρ ,                                  (3. 8) 
Where with CF is a constant,         
               8712.2)3(
10
3C 3/22F == pi  
In the Thomas-Fermi model, the kinetic energy is a functional of ∫ dr)r(3/5ρ and 
this is not accurate in many applications. Despite of this, this theory is important 
in quantum mechanics because it is the first example of a genuine density 
functional for the energy.  
 
3.4.2 Hohenberg-Kohn Theorem 
3.4.2.1 The First Hohenberg-Kohn Theorem 
The Hohenberg-Kohn theorems relate to any system consisting of electrons 
moving under the influence of an external potential. The First Hohenberg-Kohn 
Theorem (The proof of existence) states as following: 
The external potential Vext(r) is (to within a constant) a unique functional of the 
electron density ρ(r); since, in turn Vext(r) fixes H we see that total energy is a 
unique functional of ρ(r). 
This theorem indicated that by a given electron density, only one external 
potential is determined. The electron density determines both the Hamiltonian 
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operator Ĥ and the physical properties of all the electrons in the system. The 
energy functional alluded to in the first Hohenberg-Kohn theorem can be written 
in terms of the external potential in the following way,  
[ ] ( ) [ ]0HKNe000 FrdVrE ρρρ += ∫ rr                                    (3. 9) 
[ ] [ ] [ ] ΨΨρρρ eeee0HK VˆTˆETF +=+=                           (3. 10) 
[ ]ρeeE  includes all the electron-electron interactions energies and [ ]ρNeV is the 
interaction between the electrons and external fields such as that due to the nuclei. 
To prove this theorem, we assume that there was a degenerated ground state 
system with known density, and there were two external potential V and V’ that 
could be obtained from this ground state system. Two different Hamiltonians H 
and H’ and two different normalized wavefunctions  and ’ could be  
established. The corresponding ground state energies to the two external potential 
were 
ΨΨ= HE ˆ0  
''''
0
ˆ ΨΨ= HE  
These two ground states point to the same electron density. By applying variable 
principle, the following should be valid: 




0 ρ  
 (3. 11) 
Similarly by taking  as a trial function for the  'ˆH  problem, 
∫ −−=Ψ−Ψ+ΨΨ=ΨΨ< drrvrvrEHHHHE )](')()[(ˆˆˆˆ 0''''
'
0 ρ                 
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(3. 12) 





00 EEEE +<+ . 
This is a contradiction. Therefore the assumption that there were two external 
potential energies given from one non-degenerate ground state was invalid. And 
we can conclude that the electron density determines N and v, and all properties of 
the ground states.   
 
3.4.2.2 The Second Hohenberg-Kohn Theorem 
The second Hohenberg-Kohn theorem states that: 
The groundstate energy can be obtained variationally: the density that minimises 
the total energy is the exact groundstate density.  
)()( 00 ρρ EE ≥                                             (3. 13) 
There are several conditions for densities to before they are applied to the 
Hohenberg-Kohn theorems. These conditions are V-representability and N-
representability. A density is defined to be V-representable if it is associated with 
an antisymmetric ground state wavefunction and a Hamiltonian with an external 
potential. However the essential conditions for a density to be V-representable are 
not specified. On the other hand, N-representability is the less stringent condition 
by which the density can be obtained from an antisymmetric wavefunction 
without enforcing a connection to an external potential.  
Although the Hohenberg-Kohn theorems are very powerful, they do not offer a 
way to compute the density of the ground-state in a system. Later after the 
development of the Hohenberg-Kohn theorems, Kohn and Sham devised a simple 
method to perform DFT calculations which retains the nature of DFT. This method 
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is described next. 
 
3.4.3 Kohn-Sham Method  
The unknown Hohenberg-Kohn functional )(FHK ρ  consists of the electronic 
kinetic energy )(ρT and the electron-electron interaction )(ρeeV . The kinetic 
energy has a large contribution to the total energy, thus it was important to express 
the kinetic energy with a simple electron density. Kohn and Sham made use of the 
Hartree-Fock theorem of a non-interacting system and define a set of component 
energies that sum to )(ρHKF . The )(ρHKF includes all the effects of self-
interaction correction and exchange and Coulomb correlation, such as the 
Coulombic interactions, J[ ] , between electrons and other non -classical 
contributions, )(Exc ρ , and the electron-electron interactions under Hartree and 
Hartree-Fock methods.  
)(E)(J)(TF xc0HK ρρρ ++=                    (3. 14) 
To establish a Hamiltonian operator for an effective local potential, Kohn and 
Sham assumed a system of N non-interacting electrons to be moving in an 
effective potential. The kinetic energy )(0 ρT  can be calculated accurately with 












                     (3. 15) 
Since the Hamiltonian describes a system of non-interaction electrons, the total 
wavefunction 0Ψ are represented by the combination of N one-electron 







                                       (3. 16) 
In the above equation, )(ρxcE is the exchange-correlation energy. )(ρxcE  includes 
the difference between the kinetic of the interacting system and the non-
interacting system, and the non-classical part of the electron-electron Coulomb 
interactions. And the exchange-correlation energy is defined as following: 
][][][][)( 0 ρρρρρ JVTTE eexc −+−=                     (3. 17) 
The density function to describe the total energy becomes  
][Erd)r()r(][J][T][E xc0 ρρνρρρ +++= ∫
rrr
 (3. 18) 
This function has two obstacles: first, the exchange-correlation energy is not 
known exactly and second, the kinetic term must be formulated in terms of the 
charge density. 
 
To solve Kohn-Sham equations, we assumed a known Exc, and obtasin a new 















                   (3. 19) 











                               (3. 20) 







                               (3. 21) 
By Kohn-Sham theorem, the N non-interacting electrons are moving in an 
effective potential )(rVeff . xcV  is the exchange-correlation functional which is 
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                                          (3. 22) 
 





                  (3. 23) 
The charge density can be written as the sum of the squares of a set of 










                                                      (3. 24) 
The above equations form the Kohn-Sham orbital equations in their canonical 
form. This system is then solved iteratively until self-consistency is reached. 
When convergence is reached, the total energy can be calculated from the 
resultant density directly via Eq. 47. But in practice it is usually calculated more 




































                    (3. 26) 
Notice that the eigenvalues iε have no physical meaning, only the total sum, 
which corresponds to the energy of the entire system E through the equation. 
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3.5 Green’s Function Theory 
Green's function is named after the British mathematician George Green, who first 
developed the concept in the 1830s. Green's function is a mathemical function 
used to solve inhomogeneous differential equations subject to boundary conditions. 
In physics, it is referred to various types of correlation functions.  
 
For an arbitrary linear differential operator L in three dimensions, a Green's 
function, G (r, r’) for a one-dimensional case is defined as 
)'()',(ˆ rrrr −= δGL
                                                              (3.27) 
where δ is the Dirac dalta function. 
For an differential equations with the form, 
                         
)()(ˆ rr fuL =
                                                                           (3.28) 
the solution is then  
                                                        (3.29)                                    
If a differential operator L allows a set of eigenvectors fn(r) (i.e. a set of functions 
fn(r) and scalars λn such that L fn(r)  = λn fn(r)  e.g.  in Srodinger equation)) that 
are complete, then a Green's function can be expressed explicitly from these 
eigenvectors and eigenvalues. 





1n2n )()(a)',(G rrrr φ                                                         (3.30)                                          
and the delta function  










                                                        (3.31) 
Multiplying both sides by fm(r) and integrating over r space, we can get 
')'()',()( 3rrrrr dfGu ∫=
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                                                         (3.32)    
By plugging in the differential operator, solving for the na , and substituting 
into )',(G rr , the original nonhomogeneous equation then can be solved. We end 
up with the completeness relation, which was assumed true. The general study of 
the Green's function written in this form, and its relationship to the function spaces 
formed by the eigenvectors, is known as Fredholm theory. 
 
3.6   Basis Sets 
In modern computational chemistry, quantum mechanical calculations are 
performed within a finite set of basis functions.  A basis set is a linear combination 
of the basis functions. The basis sets used in quantum chemistry are composed of 
atomic functions with weights or coefficients to be considered. When molecular 
calculations are performed, it is common to use a basis set composed of a finite 
number of atomic orbitals, centered at each atomic nucleus within the molecule. 
The initial type of atomic orbitals was Slater orbitals, which corresponded to a set 
of functions which decayed exponentially with distance from the nuclei. Later it 
was found by Frank Boys that these Slater type orbitals could in turn be 
approximated as linear combinations of Gaussian type orbitals(GTO) instead. 
Therefore it is easier to calculate overlap matrix and other integrals with Gaussian 
basis functions, which led to considerable computational savings. 
 
The smallest basis sets are called minimal basis sets. A minimal basis is composed 
of the minimum number of basis functions which are required to represent all the 
electrons of each atom. A common name of minimal basis sets is STO-nG, the n 
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represents the number of Gaussian primitive functions that comprise a single basis 
function. However, for compounds with atoms containing large quantities of 
electrons, the minimal basis set is not sufficient to deal with the calculations and 
more functions are needed to be added in the set. 
  
The most common addition to minimal basis sets is polarization functions, which 
are indicated by an asterisk (*).For instance, 6-31G* denotes a 6-31G basis set 
with polarization on the heavy atoms. This adds some additional needed flexibility 
within the basis set and allows molecular orbitals to be more asymmetric about the 
nucleus. Two asterisks (**) indicate that polarization functions are also added to 
hydrogen and helium atoms. 
 
Another common addition to basis sets is the addition of diffuse functions, 
denoted by a plus sign, +. Moreover, two plus signs indicate that diffuse functions 
are also added to light atoms (hydrogen and helium). These are very shallow 
Gaussian basis functions. With the addition of diffuse functions, it is more 
accurate to present the density “tails” part which are far from the atomic nuclei. 
Thus when considering anions and other large and “soft” molecular systems, these 
additional basis functions are very important. 
 
3.7 Franck-Condon Factors 
In equation 3.1 the ionization energy can be calculated from wavelength of the 
light source which is monochromatic and by measuring the kinetic energy of the 
electron ejected from the molecule. The measured ionization energy does not 
contain only the energy needed for ejection of electrons from a certain energy 
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level. Other energy contributions such as the vibration energy and the rotational 
energy of the positive ion, should also be considered. So the ionization energy EI 
can be written as  
++ ++= rotvibjI EEEE                                             (3.33) 
EI is the ionization energy, jE  is the adiabatic energy to eject an electron from 
level j. +vibE  and  +rotE  are the vibrational and rotational energies of the positive ion 
after ejection of an electron. In order to identify the relationship between vibration 
modes and ionization states, the vibrational intervals are measured and compared 
with the ground state vibrational frequencies of the molecule. The comparison 
indicates that the frequencies of the same mode in the molecule and ion differ by 
one factor. Moreover, it is found that both the change in frequency and the change 
in equilibrium bond lengths with ionization are related to the bonding character of 
the electron removed. Turner1 showed that the fractional change in frequency and 
the difference between adiabatic and vertical ionization potentials are 
approximately linearly related.  
 
To assist in the unraveling of vibrational structure, the Franck-Condon principle is 
used when analyzing UPS spectra. The Franck Condon principle can be described 
as follows: 
If the electronic and vibrational motions can be separated, and the transition is 
electronically allowed, the relative intensity of a vibrational transition from the 
vibrational υ" in the molecule to υ' in the ion is proportional to the absolute 
square of the overlap integral between the vibrational wavefunctions of the intial 
and final state. 
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This can be expressed by the following equation: 




0 )()();( RRRr vve ψψM∞∆                                  (3.34) 
eM  is the molecular ion. r and R  are electron and nuclear configurations, 0R is 
the ground state. "vψ  and 'vψ are vibrational functions of different electronic states. 
The square of the overlap integral between the vibrational wave functions is the 
Franck-Condon factor (FCF): 
 
2
'" )()( RRFCF vv ψψ=                                           (3.35) 
The Franck-Condon principle does not specify whether the transition is vertical 
nor the time duration of an electronic transition. It only indicates that transitions 
are favored when there is a large overlap between the vibrational wave functions 
of the initial and final states. 
 
3.8  Hartree and Hartree-Fock Method 
In order to give a simple approach to solve the many-body problem in molecular 
system, Hartree (1928) expanded the total electron wavefunction as a product of a 
set of single electron wavefunctions.  
)()...()()(),...,,,( N321N321 rrrrrrrr φφφφ=Ψ                      (3. 36) 
To overcome the limitation of Hartree product, Hartree-Fock method was 
developped. This method considers the effect of Pauli Exclusion Principle and the 
N-electron wavefunction is approximated by an antisymmetrized product, which 
is the Slater type determent. The total electron wavefunction is still the 
combination of single electron wavefunctions, but this time a (N×N) determinant 






















=Ψ                           (3. 37) 
where the factor !N  is to ensure the normalization of the determinant and iφ are 
called the atomic orbitals.  
 
The determinant makes the method consistent with Pauli Exclusion Principle. For 
example, if any two rows of the determinant are exchanged, this means to 
exchange two electrons, the determinant results in the opposite sign. And if any 
two rows of a determinant are identical, the determinant will become zero. In this 
way no two electrons can be at exactly at the same state.  
 













                            (3. 38) 
where iH  is core Hartree energy with nei VH +∇=
2
                (3. 39) 
The first term iH  is called core Hartree energy which describes the electrons 
moving in a field of fixed nuclei. The second term is the classical electron-
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For a closed-shell system in which there is even number of electrons and the N 
electrons take N/2 orbitals, the restricted Hartree-Fock method is used. In such a 
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ijijiHF KJHE                      (3. 41) 
 
In attempt to solve the Hartree-Fock equations, the molecular orbital iφ is 







                                                     (3. 42) 
Basis functions χi are atomic orbitals and ikc  are the coefficients. Now the solution 
to the Hartree-Fock equations becomes to the optimization of the coefficients of 
basis functions to give the lowest energy.  
 
Note that the Hartree-Fock energy is a function of the atomic orbital. According to 
the constraints on the atomic orbitals, a set of pseudo-eigenvalue equations can be 
obtained to identify the “ideal” atomic orbitals. Thus, the self-consistent field 
technique is used to solve the problem. That is, by starting with a arbitrary 
“guessed” set of atomic orbitals, the energy operators are formed and the 
equations are iteratively solved until the input and the output atomic orbitals 
converge to a tolerance criteria.  
 
3.9  Koopmans’ Approximation 
In 1934, Koopmans6 suggested that the removal of an electron from a particular 
orbital does not affect other occupied orbitals; the (vertical) ionization energies (Ijv) 
of an atom or a molecule are equal to the negative values of the orbital energies (-
εj) determined by self-consistent field (SCF) calculations. 
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                                         Ijv = -εjSCF                                                                                                (3.43) 
 
Koopmans’ theorem defines molecular energies as the difference in electron 
energy when the electron is at infinite distance from the molecule (molecular ion) 
and the energy of the same electron when bound in the molecule. It should be 
noted that the Koopmans’ theorem is only valid within the molecular electronic 
structure described by the self-consistent-field (SCF) model.  
 
Notwithstanding the limitations of Koopmans’ theorem, this approximation has 
been widely used by photoelectron spectroscopists and has helped in investigating 
the electronic structures of many molecules. When applying Koopmans’ theorem 
to molecular photoionization process there are three additional approximations 
which are important besides Koopmans’ theorem7: 
(1)  Frozen Core approximation. Koopmans’ theorem assumes that all the 
orbitals are unaltered in the photoionization process. It claims that the 
orbitals after the photoionization process are identical to those of the 
molecule, which means, there is no reorganization of orbitals upon 
photoionization. 
(2) The relativistic energy approximation. Since the Hartree-Fock theory does 
not consider relativistic effects, Koopmans’ theorem assumes that 
relativistic contributions to total energy are the same in both the molecule 
and molecular ion. Moreover, the ionization energy is equal to the 
difference in electrostatic energy. 
(3) The correlation energy approximation. Electron motions are correlated by 
the Coulombic repulsion to keep them apart from each other. Moreover, 
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the correlation effects arise mainly from pairwise interactions between 
electrons. The total correlation energy in the ion will be generally smaller 
than in the molecule since the ion has fewer electrons than the molecule. 
Koopmans’ theorem does not include the correlation effects and assumes 
that the correlation energy is the same in both the molecule and ion. So the 
correlation energy approximation is also applied in the study of the 
photoelectron spectra for electronic structures of molecules. 
 
3.10 Interpretation of Photoelectron Spectra  
3.10.1 Features of Photoelectron Spectra 
To establish the relationship between photoelectron spectra and the molecular 
electronic structure, two approximate rules are useful: 
(1) Each band in the spectrum corresponds to ionization from a single 
molecular orbital. 
(2) Each occupied molecular orbital with binding energy less than hυ gives 
rise to a single band in the spectrum 
 
When applying these rules, the photoelectron spectra become amenable to 
interpretation and can be related to the electronic structure of the molecules. 
 
3.10.2 Photoelectron Band Intensities 
The bands in the photoelectron spectrum bear a direct relationship to the 
electronic structure of the molecule. The intensities of bands in a spectrum are 
approximately proportional to the relative probabilities of ionization to different 
ionic states. There are three approximate rules to determine relative intensities 
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(relative partial ionization cross-sections): 
1. The partial cross-section for ionization from a given orbital is proportional 
to the number of equivalent electrons that are available to be ionized. 
From this rule it is deduced that ionization from an orbital that contains 
four electrons is twice as probable as the ionization from an orbital that 
contains two electrons. Moreover, all the ionizations from orbitals that 
contain the same number of electrons should have same band intensity.  
2. The partial ionization cross-section is proportional to the statistical weight 
of the ionic state produced. In ionization from closed-shell molecules, this           
rule is equivalent to the first rule. For the ionization of atoms and open-
shell molecules, this rule is more extensive. For example, the 23
2 P and 
2
1
2 P states of rare gas ions arise by ionization from the same orbital, but 
have statistical weights of 4 and 2 respectively, and the two bands in the 
spectrum have an intensity ratio of 2:1. Both rules apply to ionization from 
an open-shell molecule such as O2. 
3. In the ionization from an open-shell molecule, the relative band intensities 
are generally proportional to the coefficients of fractional parentage2. This 
rule was proposed by Cox and Orchard3, who were also the first to 
formulate the first and second rule. When the molecular configuration 
generates only one term, the third rule is equivalent to the second rule. 
Moreover, if the open shell contains either a single electron or one electron 
less than the number required for a complete shell, the third rule is also 
equivalent to the second rule. For the ionization of molecules which have 
more than one open shell, a further, more complex rule has been given4. 
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3.11 Methods for Calculating Ionization Energies 
When considering the method to calculate ionization energies, four criteria are 
included: 
1. It should predict the correct order of electronic states and approximate 
spacings between them for comparison with bands in the photoelectron 
spectra. 
2. It should include valence electrons of all atoms in the molecule. 
3. It should be easy to perform and not too time consuming. 
4. It should be applicable to molecules containing atoms from different rows 
of the periodic table. 
 
 3.11.1  Ab initio SCF Methods 
This type of calculation was first introduced for closed-shell molecules by 
Roothaan8 and Hall9 in 1951. It can be used to calculate ionization energies for 
larger molecules than is possible in the exact HF limit10. Ab initio calculation is 
usually referred to as the calculations in which the wavefunction is determined by 
minimizing the total energy of the system and all integrals are calculated rather 
than approximated or neglected.  
 
In the application of ab initio calculations, the accuracy is usually determined by 
the basis functions. One of the most common types of basis functions are the 
Slater-type orbitals (STOs)11, which can be described by the following equation: 
 
)exp(1' rrN n ζχ −= −                                                    (3. 44) 
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The STOs are nodeless functions. So it is necessary to make linear combinations 
of all the hydrogen type orbitals (2s, 3p, 5d) of the STOs to reproduce the nodal 
properties of HF orbitals13, 14. 
 
Gaussian-type functions (GTF) are another type of basis functions which used in 
ab initio calculations.  
 )exp( 21' rrN n ζχ −= −                                                    (3. 45) 
 
The advantage of GTFs is that the evaluation of repulsion and exchange integrals 
is easier and simpler than with STOs12. The disadvantage of GTFs is that they do 
not provide as satisfactory a physical representation of the basis wavefunctions as 
STOs do. This can be improved by expanding the best Slater functions as a linear 
combination of Gaussians by least-square fit15 or use a linear combination of 
Gaussians which have been optimized16-18. 
 
The final set of the basis functions is very important in predicting molecular 
properties. The minimal basis set in ab inito SCF method contains a single 
function representing each classical core or valence orbital. With the help of ab 
initio calculations, a rough ordering of energies of ionic states can be obtained. 
3.11.2 Semi-empiral SCF Methods 
Semi-empirical calculations are further simplifications of the Hartree-Fock 
method and can be applied to large and complex molecules due to these 
simplifications. The most common semi-empirical method is the complete neglect 
of differential overlap (CNDO) by Pople’s group19-22. The method includes all 
valence electrons and incorporates the 1s electrons of the first-row atoms in their 
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cores while neglecting all integrals involving differential overlap except for a few 
electron-electron repulsion integrals. A derivative of CNDO is the intermediate 
neglect of differential overlap (INDO) 23. INDO takes some exchange terms into 
account by retaining monatomic differential overlap in one-center integrals. The 
studies showed that the ionization energies calculated by CNDO and INDO are 
usually 3eV higher than the experimental results24.  Despite that, these methods 
are useful to deduce the characters of different orbitals and thus the nature of their 
corresponding spectral bands. 
 
Dewar and his research group developed the modified intermediate neglect of 
differential overlap (MINDO) 25 on the basis of INDO. The MINDO method 
includes three important modifications of INDO: 
(1) All the Slater-Condon parameters in one-center electron-interaction 
integrals are evaluated empirically from atomic spectral data. 
(2) The two-center integrals are treated empirically instead of direct 
being evaluated by quadrature methods. 
(3) The two-center resonance integrals are evaluated empirically and 
parameterized to give correct ground state energies for reference molecules 
rather than to reproduce ab initio results. 
With these modifications results from MINDO method are in good agreement 
with the experimental data. 
 
The spectroscopic potential adjusted INDO (SPINDO) method was developed by 
Lindholm and coworkers26. This is the first semi-empirical method to be 




3.11.3 Hückel and Extended Hückel Methods 
In empirical molecular orbital calculations, the aim is to use the simplest theory 
which can be applied to correlate a wide range of experimental results with the 
minimum number of adjustable parameters. The best empirical method is Hückel 
molecular orbital theory, which has two parameters to calculate the pi electron 
systems of conjugated and aromatic molecules27, 28. 
      
      In Hückel molecular orbital theory, the orbital energy of the jth pi orbital is given 
by the following equation: 
                    βαε jj m+=                                                         (3. 46) 
       
In this equation mj is the Hückel coefficient from standard tables30, and α and β are 
the adjustable parameters. Brogli and Heilbronner31 compared 34 experimental 
ionization potentials of unsaturated and conjugated compounds ranging from 
ethylene to phenanthrene, with their HMO energies. A linear regression was found 
as below: 
)( eVmI jj 333.0734.234.0553.6 ±+±=                                  (3. 47) 
 
Moreover, almost all the experimental ionization potentials were in good 
agreement with the calculated values by Hückel molecular orbital method except 
for ethylene. The agreement showed that the HMO theory is reliable enough to 
identify most pi electron ionization bands in the photoelectron spectra. However, 
HMO is only applicable to pi electrons and not to σ electrons. Due to its limitation, 
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this method has not been popular for assigning photoelectron bands. 
 
The extended Hückel molecular orbital method (EHMO) was developed by 
Hoffman in 196329 to include all valence electrons. The method is simple, flexible, 
and can provide qualitative aid for assigning photoelectron bands, but it does not 
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The strain in molecules containing three or four-membered rings has been studied 
extensively1. Such molecules are often unstable and difficult to synthesize. The 
single atom peribridged naphthalene (SAPN) contains a four-member ring and is a 
highly strained molecule (Scheme 4.1)2. The effects of ring strain, possible 
distortion of the aromatic system and the propensity of the four-membered ring to 
undergo ring-opening reactions are interesting subjects for experimental and 
computational study. 
 
Only the molecular structures of SAPN derivatives 2, 7 and 8 have so far been 
accurately determined by X-ray diffraction3, 4, 31-33. As already mentioned, SAPN 
compounds are often unstable, which makes it difficult to obtain single crystals 
necessary for X-ray diffraction measurements. We report the molecular structure 
of 4 together with accurate calculations of ring strain for the SAPN series (Scheme 
4.1). Ab initio calculations for peribridged naphthalenes have been reported 
previously by Roohi et al.5 These authors used medium accuracy semiempirical 
and DFT methods and calculated geometries and enthalpies of formation for 
SAPN. They also calculated pyramidal inversion barriers for 5, 6 and 10 
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derivatives. However, they did not calculate ring strain energies (RSE) which 
require the use of higher level, more accurate quantum chemical methods. Our 
aim in this work was to obtain accurate ring strain energies, to obtain additional 
information on the geometry of SAPN and to study how the ring strain affects the 
electronic structure of the aromatic system.  
X
X = CH2, CHBr, O, S, NH, SO, SO2, C=CR1R2, BH, PH, CO, SiH2




















4.2 Review of Synthesis for Single Atom Bridge Naphthalenes 
Single-atom peri-bridged naphthalenes are compounds in which the 1- and 8-
carbon atoms of a naphthalene ring are substituted in such a way as to form a 
bridge structure. The series of single atom peri-bridged naphthalenes is an 
interesting example of highly strained molecules, because of possible distortion of 
bonds and angles in the aromatic rings and because of the propensity of four 
member rings to undergo ring-opening reactions.   
 
The first synthesis of the bridged naphthalenes was conducted by Hoffman and 
Sieber in 1965 in the case of SO2 by irradiation of naphtha[1,8-de]1,2,3-
 64 
thiadiazine 1,1-dioxide7, 18. However, later attempts to synthesize the sulfur bridge 



































Scheme 4.2. Synthetic Route for naphtha[1,8-bc]thiete, naphtha[1,8-bc]thiete 1-
oxide and naphtha[1,8-bc]thiete 1,1-dioxide by Meinwald and Spencer3 
 
So far, two methods to synthesize the sulfur-bridge naphthalenes have been 
reported. One was reported by Meinwald and Spencer3 (Scheme 4.2). Firstly 
naphtha[1,8-bc]thiete was obtained  by the photolysis of naphtha[a,8-cd]-1,2-
dithole-1,1-dioxide. Oxidation of naphtha[1,8-bc]thiete with m-chloroperbenzoic 
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acid gave the corresponding sulfoxide. Further oxidation gives the naphtha[1,8-
bc]thiete 1,1-dioxide (Scheme 4.2). This method used benzene, which was known 





















Scheme 4.3. Synthetic route for, naphtha[1,8-bc]thiete 1-oxide and naphtha[1,8-
bc]thiete 1,1-dioxide by Nakayama and Fukushima6 
 
Another synthetic method was proposed by Nakayama and Fukushima6 in 1979 
(Scheme 4.3). They used naphtha[1,8-de]-1,2,3-thiadiazine as an excellent 
strategy to obtain the naphtha[1,8-bc]thiete 1-oxide and naphtha[1,8-bc]thiete 1,1-
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dioxide as well as naphtha[1,8-bc]thiete. The oxidation of naphtha[1,8-de]-1,2,3-
thiadiazine with m-chloroperbenzoic acid gave naphtha[1,8-bc]thiete 1-oxide and 
naphtha[1,8-bc]thiete 1,1-dioxide in satisfactory yield in only 1h. Moreover, the 
irradiation of naphtha[1,8-de]-1,2,3-thiadiazine in a series of solvents yielded 
naphtha[1,8-de]-1,2,3-thiadiazine quantitively in a very short time. The study by 
Nakayama and Fukushima proposed a quick and high-yield way to synthesize the 
sulfur analogue of 1,8-peri-bridged naphthalenes. However, they used benzene as 
eluent in the chromatographic separation. Considering the toxicity of benzene, this 
method needed further improvement before being deemed suitable for regular use 
in the research laboratory.  
 
1H-cyclobuta[de]naphthalene and many of its 1H-derivatives can also be prepared 
by photolysis or pyrolysis. In 1974, Donald and Schwartz reported the first 
successful synthesis by refluxing Grignard reagent with 1-bromo-1H-
cyclobuta[de]naphthalene, which was obtained by irradiation of the sodium salt of 
8-bromo-1-naphthaldehyde p=tosylhydrazone8. In 1980 and 1985 1H-
cyclobuta[de]naphthalene was also prepared by Becker and Wentrup via pyrolysis 
of 1- and 2-naphthyldiazomethanes, sodium1-and 2-naphthaldehyde p-
tosylhydrazonates and 5-(2-naphthyl)tetrazoles, respectively at 450-700℃/10-2-10-
4mm9, 10. Both photolysis and pyrolysis required many steps, thus taking a long 
time to reach the desired product, while the overall reaction yield for 1H-
cyclobuta[de]naphthalene was low.  
 
Naphtho[1,8-bc]oxete was first reported to be a product of dehydration of 1,8-
naphthaleneediol in 193311, 12. However, its synthesis could not be repeated until 
 67 
1983 when it was obtained via reaction of 1-bromo-1H-cyclobuta[de]naphthalene 
with ozone by Bailey, Card and Hetcher in a low yield13.  
 
Until now, only 1,2,3,4,6,7,8 have been prepared, many SAPN compounds are 
insufficiently stable, making them difficult to synthesize. 
 
In this project, the naphtha[1,8-bc]thiete, naphtha[1,8-bc]thiete 1-oxide,  
naphtha[1,8-bc]thiete 1,1-dioxide and 1-bromo-1H-cyclobuta[de]naphthalene 
were synthesized according to the reported procedures. For naphtha[1,8-bc]thiete, 
naphtha[1,8-bc]thiete 1-oxide,  naphtha[1,8-bc]thiete 1,1-dioxide, a similar 
approach as that shown in Scheme 5.3 was used. First, 1-amino-8-
naphthalenethiol was prepared by the reduction of 2H-naphtho[1,8-cd]isothiazole 
1,1-dioxide with LiAlH4. Then the naphtha[1,8-de]-1,2,3-thiadiazine was obtained 
by reaction of 1-amino-8-naphthalenethiol with isoamyl nitrite overnight in the 
presence of trichloroacetic acid as the catalyst. Naphtha[1,8-de]-1,2,3-thiadiazine 
was used as the starting material for the naphtha[1,8-bc]thiete, naphtha[1,8-
bc]thiete 1-oxide,  and naphtha[1,8-bc]thiete 1,1-dioxide. Naphtha[1,8-bc]thiete 
was obtained  by irradiation of naphtha[1,8-de]-1,2,3-thiadiazine with high 
pressure mercury lamp. Naphtha[1,8-bc]thiete 1-oxide, and naphtha[1,8-bc]thiete 
1,1-dioxide were obtained by the oxidation of naphtha[1,8-de]-1,2,3-thiadiazine 
with different quantities of m-chloroperbenzoic acid. Moreover, we modified the 
synthetic procedure to increase the yield and reduce toxicity. The reactions were 
carried out under inert atmosphere in a Schlenk line under nitrogen. We also 
modified the solvent for column chromatographic separation by using hexane and 
ethyl acetate mixture instead of benzene which is a known carcinogen.  
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For 1H-cyclobuta[de]naphthalene, considering the available synthetic facilities 
and desired yield, a synthetic route according to Bailey13 was selected (Scheme 
4.4). The synthetic route uses 1, 8-naphthalic anhydride as the starting material, 
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Scheme 4.4. Synthetic route for 1-bromo-1H-cyclobuta[de]naphthalene by 
Bailey13 
 
4.3 Experimental and Theoretical Methods 
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The compound 4 was prepared according to the synthetic procedures described 
previously3, 6 and its molecular and crystal structure was determined by X-ray 
diffraction. The details of the crystal structure are given in the supporting 
information. Selected molecular parameters for SAPNs are listed in Table 4.1.   
 
The quantum chemical calculations were performed with the Gaussian 03 
program14.  The total electronic energy for each molecule was computed using the 
G3(MP2)//B3LYP method15 which has root-mean-square deviation of 8 kJ/mol. 
The method includes full geometry optimization at the B3LYP/6-31G* level 
followed by single point QCISD type calculations. In order to estimate ring strain 
energy (RSE) of SAPN and their isomers the enthalpies of isodesmic reactions 

















X = CH2 O S NH SO SO2 C=CH2 BH PH CO SiH2
X = CH2 O S NH SO SO2 C=CH2 BH PH CO SiH2
X = CH2 O S NH SO SO2 C=CH2 BH PH CO SiH2
1a 3a 4a 5a 6a 7a 8a 9a 10a 11a 12a
1b 3b 4b 5b 6b 7b 8b 9b 10b 11b 12b
1c 3c 4c 5c 6c 7c 8c 9c 10c 11c 12c
 
Scheme 4.5 
                           
The ring strain energies (RSE) thus obtained are listed in Table 4.2.  
 
The HeI/HeII photoelectron spectra were recorded on a Vacuum Generators UV-
G3 spectrometer and calibrated with small amounts of Xe or Ar gas which were 
added to the sample flow.  The spectral resolution of HeI and HeII spectra was 25 
meV and 70 meV, respectively when measured as FWHM of the 3p-1 2P3/2 Ar+ ← 
Ar (1S0) line. The resolution in the HeII spectra was always inferior to HeI, which 
implies that certain bands that are well resolved in HeI may become unresolved in 
the corresponding HeII spectrum. The sample inlet temperatures were in the range 
70-1000C. These temperatures were necessary in order to obtain sufficient vapour 
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pressure in the ionization region.  For the assignment of photoelectron spectra, full 
geometry optimization was performed using the DFT method at B3LYP/6-31G* 
level. Subsequently, a single point Green’s functions (GF) type calculation16 using 
the 6-311G* basis set was performed in order to obtain vertical ionization energies. 
The use of this method obviates the need to rely on Koopmans’ approximation. 
 
4.4 Results and Discussion 
4.4.1 Synthesis of SAPN 
 
4.4.1.1 Synthesis of Sulphur-Bridged Naphthalenes 
 
The 1-amino-8-naphthalenethiol was synthesized by reduction of 2H-naphtho[1,8-
cd]isothiazole 1,1-dioxide with LiAlH4 in anhydrous THF and ethyl ether under 
refluxing. The addition resulted in green-yellow mixture and was stirred under 
refluxing for another hour. After the LiAlH4 was destroyed with 4N H2SO4 
solution and the mixture was extracted with ether for three times, the evaporation 
of the solvent yielded the orange crystals as the 1-amino-8-naphthalenethiol, with 
a yield of almost 100%. This smelly compound was sensitive to air and easily turn 
black when stood in air. Moreover, if the reaction was too vigorous, the reaction 
mixture was also easy to turn black even in the inert atmosphere. This was due to 
the 1-amino-8-naphthalenethiol was apt to be oxidized to form disulfide. When 
the reduction reaction by LiAlH4 was vigorous and released a lot of heat, the 
formation of sulfur-sulfur bond between 1-amino-8-naphthalenethiol was 
accelerated. In order to investigate this reaction, a reduction reaction was carried 
out. The black mixture was reduced by LiAlH4 in anhydrous THF and ethyl ether 
under refluxing. And the mixture turned green-yellow again. However, after the 
work up, the yield was not as much as before oxidization and reduction.  
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After 1-amino-8-naphthalenethiol was obtained, it was used immediately to 
synthesize naphtho[1,8-de]-1,2,3-thiadiazine. 1-amino-8-naphthalenethiol was 
dissolved in dichloroethane and a solution of isopentyl nitrite in dichloroethane 
was added with triacetic acid as catalyst. The addition resulted in the formation of 
deeply color product. The addition lasted for 1 hour and the mixture was stirred 
under room temperature overnight, and the crude product was chromatographed 
with 6:1 hexane:EA solution instead of using benzene as the eluent of the 
chromatography. Benzene is toxic and volatile, which was dangerous to the 
worker operating the experiment. By using hexane and EA mixture the risk of this 
experiment is greatly reduced. Naphtho[1,8-de]-1,2,3-thiadiazine was yielded at 
42% yield as red crystals. 1H NMR indicated that the chemical shift of six proton 
of aromatic ring was at δ7.64, 7.45, 7.35, 7.22 and 6.22 seperately. δ7.64 was two 
doublet-doublet peak overlapped with each other, and δ6.22 should be the proton 
on the side of aromatic skeleton that was near the sulphur atom. Single crystals of 
naphtho[1,8-de]-1,2,3-thiadiazine were obtained and were used for XRD analysis. 
However, the crystal could not be resolved. 
 
The naphtho[1,8-de]-1,2,3-thiadiazine was used as the starting material for both 
naphtha[1,8-bc]thiete 1,1-dioxide, naphtha[1,8-bc]theite and naphtha[1,8-bc]thiete 
1-oxide. Oxidation of naphtho[1,8-de]-1,2,3-thiadiazine with an equivalent of m-
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chloroperoxybenzoic acid as oxidazation reagent yielded naphtha[1,8-bc]thiete 
1,1-dioxide. The reaction was at room temperature with stirring and the addition 
of m-chloroperoxybenzoic acid resulted in release of nitrogen, which could be 
seen as bubbles rose from the reaction mixture. Work up of the crude product by 
chromatography with toluene as the eluent yielded naphtha[1,8-bc]thiete 1,1-
dioxide as pale yellow needles. The 1H NMR indicated this compound has three 
peaks assigned to the six protons in the aromatic ring, at δ8.00, 7.76 and 7.63 as 
doublet, triplet and doublet. The mass spectrum showed the molecular ion at 190 
with an abundance of near 100%.   
 
 
Figure 4.1. Mass Spectrum of naphtha[1,8-bc]thiete 1,1-dioxide 
 
The mechanism of formation of naphtha[1,8-bc]thiete 1,1-dioxide could be that 
first the naphtho[1,8-de]-1,2,3-thiadiazine was oxidized to compound 18, and this 
compound decomposed to form naphtha[1,8-bc]thiete 1-oxide by extrusion of 
nitrogen. Naphtha[1,8-bc]thiete 1-oxide was unstable and was further oxidized by 
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m-chloroperoxybenzoic acid, which resulted in the formation of  naphtha[1,8-bc] 
thiete1,1-dioxide. 
 
Naphtho[1,8-bc]thiete was obtained by photolysis of naphtho[1,8-de]-1,2,3-
thiadiazine. A solution of naphtho[1,8-de]-1,2,3-thiadiazine in acetone (8.3 × 10-4 
M)was irradiated by a UV reactor at wavelength of 254 nm and the irradiation 
lasted for one and a half hour. However, the TLC plate of crude product with 
hexane indicated no naphtho[1,8-bc]thiete was produced. We proposed that the 
concentration of solution for photolysis was too low and prepared a solution of 
naphtho[1,8-de]-1,2,3-thiadiazine in acetone at a concentration of 8.3 × 10-3 M. 
The red solution was irradiated for one hour and turned yellow with an quantity of 
insoluble product on the wall of the quartz tube. This insoluble component was 
filled off and the solvent was evaporated. The crude product was yellow oil and 
was chromatographed with pure hexane. The first fraction of the chromatography 
was collected and was confirmed by NMR as the naphtho[1,8-bc]thiete  at a yield 
of ~100%. The naphtho[1,8-bc]thiete has a melting point of 42~45ºC and was 
unstable at room temperature in the air. It was stored under nitrogen in refrigerator. 
Recrystallization of naphtho[1,8-bc]thiete  with a mixture solution hexane and 
chloroform at 0 ºC yielded single crystals, and its crystal structure was analyzed 
by XRD analysis. Three groups of protons were shown in its 1H NMR spectrum, 
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at δ7.58, 7.47 and 7.23 as doublet, doublet triplet and doublet accordingly. This 
compound should have six peaks in its NMR spectra which responded to the ten 
carbons of the aromatic ring and this was confirmed by 13C NMR experiment. 
 
Oxidation of naphtho[1,8-bc]thiete with an equivalent of  m-chloroperoxybenzoic 
acid was examined with expectation of obtaining naphtha[1,8-bc]thiete 1-oxide. 
The reaction proceeded smoothly at room temperature with stirring. After 
chromatography with dichloromethane and the second fraction was collected. 
After evaporation of the solvent, white crystals were yielded from the second 
fraction. The 1H NMR of the white crystals indicated it was naphtha[1,8-bc]thiete 
1-oxide with the chemical shift of three groups of peaks at δ7.93, 7.70 and 7.64 
accordingly. This compound was unstable and decomposed to oil like at room 
temperature. 
 
To investigate the thermolysis reaction of naphtho[1,8-de]-1,2,3-thiadiazine, a 
solution of naphtho[1,8-de]-1,2,3-thiadiazine in di(ethylene glycol) dimethyl ether 
was stirred and heated under refluxing overnight under nitrogen. After the work up 
of crude product, red crystals were obtained. We expected the formation of 
naphtho[1,8-bc]thiete , while the NMR spectrum indicated that it was not as we 
proposed according to the reported6. There were three peaks, at δ7.41, 7.33, and 
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7.20 accordingly, and were different from the spectrum of naphtho[1,8-bc]thiete 
made in the previous reaction. To clarify the structure, mass spectra was obtained. 
The molecular ion was at 190 at an abundance of 100%. Other ions were 158, 126. 




Figure 4.2. Mass Spectrum of naphtha[1,8-cd][1,2]dithiole 
 
Following the reactions above, a series of sulphur-bridged naphthalenes were 
successfully synthesized by reduction reaction, photolysis and thermolysis 
reaction. The characteristic of sulphur atom was apt to form intermediate which 
enables to extrude nitrogen and the naphtho[1,8-bc]thiete, naphtha[1,8-bc]thiete 1-
oxide and naphtha[1,8-bc]thiete 1,1-dioxide were formed by diradical reaction. 
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4.4.1.2 Synthesis of Carbon-bridged Naphthalenes 
The synthetic route for 1H-cyclobuta[de]naphthalene applied 1,8-naphthalic 
anhydride as the starting material, and a series of 1, 8-di-substituted naphthalenes 
were obtained and investigated in the synthetic process. 1,8-naphthalic anhydride 
was hydrolyzed by a hot solution of sodium hydroxide and after the neutralization 
of excess base with acetic acid, mercury oxide and acetic acid were added into the 
hot solution and stirred for another 48h to form anhydro-8-(hydroxymercuri)-1-
naphthoic acid at a yield of 98%. This white powder has high melting point and 
was insoluble in water and organic solvent.  
 
Anhydro-8-(hydroxymercuri)-1-naphthoic acid reacted with a mixture of bromine 
and sodium bromide in acidic solution at 0 ºC. After addition the stirred mixture 
was slowly heated to reflux and the orange-red solution was poured onto ice, filled 
off and re-dissolved in hot sodium hydroxide solution. Filtration of Celite and 
addition of concentrated hydrochloric acid resulted in the deposit of 1-bromo-8-
naphthoic acid as white crystals, yield 47%. Extraction of Celite with ether 
yielded 1,8-dibromonaphthalene as pale yellow needles(yield: 9%). The work up 
of these two compounds was good enough to obtain pure compound and no more 
chromatography was needed. 1-Bromo-8-naphthoic acid also proved the product 
from the former reaction was the wanted mercury salt. 
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8-Bromo-1-naphthyl methanol was synthesized from 1-bromo-8-naphthoic acid 
reacted with thionyl chloride and then lithium aluminum hydride. Thionyl chloride 
converted 1-bromo-8-naphthoic acid into 8-bromo-1-naphthoyl chloride under 
reflux and this compound was sensitive to moisture and easily reduced by LiAlH4 
to 8-bromo-1-naphthyl methanol at a yield of 68%. Another method was that the 
1-bromo-8-naphthoic acid was directly reduced to the methanol but the yield was 
not as good as using 8-bromo-1-naphthoyl chloride as intermediate compound. 
Moreover, in the work up of the crude product of this reaction, crystals of (1-
bromonaphthalen-8-yl)methyl 8-bromonaphthalene-1-carboxylate came out. This 
compound was formed due to the existence of both acid and methanol. When the 
reaction rate of reduction was not quick enough, 8-bromo-1-naphthoyl chloride 
and 8-bromo-1-naphthyl methanol reacted with each other to form the ester. 1-
Bromo-8-methylnaphthalene was another byproduct from the reduction reaction. 






8-Bromo-1-naphthylaldehyde was synthesized from 8-bromo-1-naphthyl methanol 
by two methods. First method was as reported method by Bailey13. 8-bromo-1-
naphthyl methanol was oxidized by chlorox solution in the existence of 
benzyltriethylammonium chloride for phase transfer. By this method the aldehyde 
was yielded as prismatic crystals (15%). Considering the low yield of the two-
phase reaction, another catalytic oxidization was tried. 8-Bromo-1-naphthyl 
methanol was oxidized in toluene by Zr(OH)4 with Ruthenium as catalyst(54%). 
This method improved the yield for the aldehyde and was easy to work up with 
the crude product. The crystals of 8-bromo-1-naphthylaldehyde were also 
obtained. Same as 1-bromo-8-methylnaphthalene and naphtho[1,8-de]-1,2,3-
thiadiazine, the crystal structure of 8-bromo-1-naphthylaldehyde could not be 
solved by XRD analysis, either. 














8-Bromo-1-naphthaldehyde p-tosylhydrazone was synthesized from reaction of 8-
bromo-1-naphthylaldehyde with p-toluenesulphonyl hydrazide. The addition of 
concentrated hydrochloric acid into the reaction solution resulted in the deposit of 
the aim product and chromatography of crude product yielded the aim product 8-
bromo-1-naphtaldehyde p-tosylhydrazone (91.6%). Recrystallization from 
methanol yielded single crystals as white needles, and the crystals were analyzed 
by XRD.  
 
The starting material for the photolysis reaction to produce 1-bromo-1H-
cyclobuta[de]naphthalene was sodium 8-bromo-1-naphthaldehyde p-
tosylhydrazonate, which was synthesized from the reaction of 8-bromo-1-
naphtaldehyde p-tosylhydrazone with sodium hydride. In the reaction, hydrogen 
was released violently and pale yellow salt was formed (93.8). This reaction was 
sensitive to moisture and should be protected in inert atmosphere, otherwise 
would result in a low yield. The NMR of the sodium salt of hydrazone was similar 
as the spectrum of hydrazone. The sodium salt was irradiated with ultraviolet 
lamps (365nm) through Pyrex in ethyl ether under nitrogen for 72h, and yielded 1-
bromo-1H-cyclobuta[de]naphthalene (7.3%). The low yield may due to that when 
the sodium salt was irradiated in the UV reactor, the heat of the irradiation could 
not be released well as circulating around the reaction tube and caused the sodium 
salt to decompose. Moreover, the nitrogen that protected the sodium salt from 
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moisture were not transferred through a schelenk line while using a balloon, the 
moisture could enter the reaction tube and destroyed the sodium salt. Without 
changing the UV reactor available, both the schelenk line and the circulating 
cooling system could not be solved and the reaction yield could not be improved. 
1-Bromo-1H-cyclobuta[de]naphthalene was the first derivative that has been 
synthesized of SAPN with a carbon atom as the bridging atom. Conversion of it 
into 1H-cyclobuta[de]naphthalene by Grignard reaction with magnesium was 
carried out. It was proposed that the 1H-cyclobuta[de]naphthalene came out when 
the Grignard reagent was hydrolyzed with saturated amoonium chloride solution. 
However, although the experiment was operated properly, the amount of 1-bromo-
1H-cyclobuta[de]naphthalene was minor and it resulted in the failure to form the 
Grignard reactant, thus the 1H-cyclobuta[de]naphthalene. Normally the Grignard 
reaction needed a much more quantify of reactants (˃1g). Moreover, the yield of 
the photolysis reaction was low, so the 1-bromo-1H-cyclobuta[de]naphthalene was 
difficult to collect in a large amount, and made it difficult to obtain enough 
starting material for this Grignard reaction.  
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Study of synthesis of 1H-cyclobuta[de]naphthalene and the SAPN are being 
continued. 
 
4.4.1.3 Catalytic Oxidization of 1,8-Naphthalenedimethanol 
In the success of producing 8-bromo-1-naphthylaldehyde via catalytic oxidization 
at good yield, an attempt of obtaining naphthalene-1,8-dicarbaldehyde from 1,8-
naphthalenedimethanol was proposed. 1,8-naphthalic anhydride was used as the 
starting material and was reduced with LiAlH4 under reflux. The resulted 1,8-
naphthalenedimethanol was oxidized by Ru/Zr(OH)4 at 80 ºC and a light yellow 
product was obtained. However, the NMR spectrum indicated that the main 
product from this catalytic oxidization was not the naphthalene-1,8-
dicarbaldehyde while the 1,8-naphtalide. After oxidization of one methanol group 
to aldehyde, the remaining methanol group and aldehyde positioned at 1, 8 reacted 
with each other and formed a heterocyclic six member ring: the carbonyl group 
was reduced to hydroxyl group by addition of one hydrogen from the hydroxyl 
group of the methanol. The hydroxyl group was further oxidized into carbonyl 


















4.4.2 Molecular Structures and Ring Strain 
The molecular structure and crystal packing of naphtho[1,8-bc]thiete was obtained 
by XRD analysis and shown in Figure 4.3 and Figure 4.4.  
 
 




Figure 4.4. Crystal packing of naphtho[1,8-bc]thiete 
 















2 83 99 138 1.382 1.567 1.368 
4 73 103.5 134.4 1.372 1.829 1.387 
7 75.4 106 132.5 1.374 1.819 1.391 
8 86 98 137 1.371 1.536 1.392 
13(anion) 80.5 103.2 132.5 1.400 1.695 1.408 
14 86.2 102.6 -  1.404 1.599 1.404 
C10H8  121.5 121.5 1.410  1.435 
 
a  In 8 R1=R2=phenyl 
b
 The X-ray structure data are from reference 21 and 22  
 
 
The key experimental molecular parameters of 2, 4, 7, 8, 13 and 14 are compared 
in Table 4.1. The aromatic rings, inclusive of the bridging atom (X) have planar 
configuration. Comparison of 2, 4, 7, 8, 13 and 14 geometries with the parent 
naphthalene2 reveals structural traits related to the ring strain. The naphthalene 
moiety near the bridge is contracted. This can be seen from C1-C9 and C9-C10 
bonds lengths which are 3-5% shorter and from C1-C9-C8 angles which are up to 
20% smaller than in the parent naphthalene. The part of the naphthalene moiety 
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away from the bridge expands e.g. C4-C10-C5 angles are increased by up to 12% 
versus naphthalene. This is a good illustration of relative magnitudes of stretching 
and bending force constants, with the former being several orders of magnitude 
bigger than the latter. The C1-X-C8 and C4-C10-C5 angles increase when the 
bridging sulfur atom is replaced by carbon.  The opposite is true for the C1-C9-C8 
angle. The larger sulfur atom can accommodate smaller bridging angles than the 
carbon; for example 4 has the smallest C1-X-C8 bridging angle observed to date 
amongst SAPN. The dependence of bridging angle on the nature of X can be 
explained by the simple geometrical argument. Assume that C1, X and C8 form an 
isosceles triangle with the fixed length of the base (C1-C8 distance). The longer 
the sides of the triangle are (i.e. the longer the C-X bond length), the more acute 
will the C1-X-C8 bridging angle become. Shechter and coworkers4b have 
demonstrated that for 8 the naphthalene can accommodate a large strain and that 
the portion of the molecule near the bridge becomes compressed while the 
opposite portion expands. We confirm this to be true for other SAPN, but the 
extent of compression/expansion depends on the type of the bridging atom present. 
Therefore both geometrical parameters (i.e. bond lengths and angles) are adjusted 
to achieve maximum strain relief.  The deformation of the naphthalene skeleton 
leads to CC bond length alternation and to a reduction of aromatic delocalization 
(i.e. pi-bonds are more localized in the strained SAPN than in the naphthalene as 
was pointed out by Shechter et al4b). The changes in aromatic delocalization can 
be expected to influence the electronic structure (energy levels) which shall be 





Table 4.2. Ring strain energies RSE (kJ/mol) of peribridged naphthalenes and 
their monocyclic analogues calculated at G3(MP2)//B3LYP level (Schemes 1-
3)a,b,c 
 
1 3 4 5 6 7
 
8 9 10 11 12 
201.9 289.7 148.1 256.5 160.5 141.5 214.3 178.9 125.2 197.2 123.4 
1a 3a 4a 5a 6a 7a 8a 9a 10a 11a 12a 
134.6 140.6 95.8 147.3 99.5 107.3 134.2 140.0 92.5 117.8 112.7 
1b 3b 4b 5b 6b 7b 8b 9b 10b 11b 12b 
127.1 137.3 90.9 142.4 91.4 101.1 130.7 119.5 86.6 109.2 101.2 
1c 3c 4c 5c 6c 7c 8c 9c 10c 11c 12c 
127.1 135.1 91.7 129.8 82.7 85.4 134.3 120.7 90.0 110.6 98.9 
1d 3d 4d 5d 6d 7d 8d 9d 10d 11d 12d 
112.7 109.9 84.3 111.2 89.8 90.0 114.8 115.5 88.5 108.0 97.6 




















b Calculations for  8 correspond to R1=R2=H 
c
 In the bottom row, the numbers in italics or underlined correspond to enthalpies 
of isodesmic reactions (1) and (2) from Scheme 4. The values in italics were 
calculated from G3(MP2)//B3LYP total energies of reactants and products. The 
underlined values were calculated from experimental standard enthapies of 
formation (ref. 11)  
 
 
The ring strain energies of SAPN are shown in Table 4.2.  In the following 
discussion we recall that the accuracy of the theoretical method employed is not 
better than 8 kJ/mol. We note that molecules 1, 3, 5, 8, 9 and 11 whose bridging 
atom belongs to the first row of the periodic table have higher RSE than the 
molecules which have the bridging atom from the second row, (i.e. 2, 4, 6, 7, 10, 
12). Atoms from the second row are larger than those from the first row which 
helps to reduce the strain. The O-bridged SAPN has the highest and Si-bridged the 
lowest RSE in the “principal series” 1-12.  Our results suggest that the silicon 
bridged derivative should be amenable to synthesis. The change in hybridization 
of the bridging atom has only a small influence on the RSE as can be seen by 
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comparing RSE in 4, 6 and 7. The fact that oxidation state/hybridization of the 
bridging atom does not have a strong influence on RSE is an indication of the 
dominance of strain over possible resonance interactions between X and the 
aromatic system. The RSE is generally smaller than the aromatic stabilization of 
the naphthalene (255 kJ/mol), at least in the SAPNs which have been synthesized 
so far. When RSE is comparable to the aromatic stabilization of the parent 
naphthalene (e.g. 3 and 5) we predict that such molecules would be highly 
unstable under the standard laboratory conditions and difficult to synthesize. In 
view of the similarity of RSE and aromatic stabilization energies for 3 and 5 we 
have also checked the relative stabilities of 1,X-biradical species (Scheme 4.6) in 
their singlet and triplet states. Biradicals of 3 and 5 in their most stable (triplet) 







 X = CH2, O, S, NH, SO, SO2, C=CH2, BH, PH, CO, SiH2     
1d    3d    4d    5d    6d    7d        8d       9d   10d  11d   12d  
 X = CH2,   O,    S,   NH,  SO,  SO2,  C=CH2,  BH,  PH,  CO,  SiH2     
  1e  3e 4e  5e   6e   7e       8e      9e  10e  11e  12e  
+  C2H6  =  CH3CH2XCH=CHCH3
isodesmic reactions for calculating RSE
+  2C2H6  =   CH3CH2CH2CH2CH3  +  CH3XCH3               (1)          




The ring strain energies of SAPN span a range of values, in some members of the 
class they are larger than that of cyclobutane (110 kJ/mol)1c. In other SAPN where 
the bridging atoms are large e.g. in 12 the RSE values are comparable in 
magnitude to C3H6X analogues (d or e series in Scheme 4. 7). Such relatively low 
RSE values may partly account for the remarkable fact that four-member ring is 
retained in many chemical reactions involving SAPN2.   
 
To set our present discussion within context, we recall that the steric strain and 
compression in 1,8-disubstituted naphthalenes have been well recognized17. Thus 
for example in 1,8-diiodonaphthalene10a  iodine atoms are twisted out of the 
naphthalene plane by 5-170 due to the steric compression of vicinal iodines. In the 
naphthalenes containing diatomic bridges (C-X-X-C) which span 1- and 8-
positions10b, the strain relief occurs via splaying (increase of CCX angles from 
1200) or by distortion of the planar naphthalene skeleton.  
 
 It is interesting to analyze how the RSE values of the “principal series” compare 
with their counterpart molecules which have four-membered ring fused at a 
different position of the naphthalene core (a, b and c series). The members of the 
a, b and c series (Scheme 4.5) have considerably lower RSE than their 
counterparts in the “principal series” (Table 4.2). This can be expected, because 
the four-member ring is more flexible if one, rather than two of its sides are part of 
the rigid aromatic system. The exception is 12 which contains large Si atom and 
has relatively small RSE.  In the a-c series the largest RSE appears in the N-
bridged and the lowest in the P-bridged derivative. When the bridging heteroatom 
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is an element from the second row, the variation in RSE values amongst isomers 
of a-c series is small, being at most twice the uncertainty limit of the 
G3(MP2)//B3LYP method. When the four-member ring is not attached to the 
naphthalene core as in the d or e series (Scheme 4.7) the RSE values are smaller 
than in the “principal” or a-c series. The RSE values amongst the members of the 
d series are slightly bigger than in the case of the e series, presumably due to the 
geometrical constraints imposed by the double bond. When the reverse is true (as 
in 8-12) the inversion can be attributed to stabilizing resonance interaction 
between X and the pi-bond. 
 
We have calibrated and checked our RSE values by obtaining theoretical and 
experimental enthalpies of isodesmic reactions (1) and (2) in Scheme 4. First, we 
used G3(MP2)//B3LYP total energies for reactants and products to obtain 
theoretical reaction enthalpies. Subsequently we used experimental enthalpies of 
formation for reactants and products19 (where available) to derive experimental 
reaction enthalpies. The comparison of two sets of values (Table 4.2, bottom row) 










4.4.3 Electronic Structure 
The electronic structures of 4 and 7 have been investigated by UV photoelectron 




Figure 4.5. HeI and HeII photoelectron spectra of 4 
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Table 4.3. Experimental vertical ionization energies (Ei/eV), calculated ionization 
energies (GF/eV), band assignments and relative HeII/HeI band intensities for 
peribridged naphthalenes and naphthalene (C10H8)a 
 









 S (b1) 
1.0 
 B 9.1 8.58 pi
 4 (b1) 1.4 
 C 10.45 10.61 σS (a1) 0.65 
 D-E 11.1 11.10, 11.35 pi3 (b1), pi 2 (a2) 1.17 
 F 11.65 12.11 σ   0.77 
 G 12.45 12.63 σ    
 H 13.1 13.58 pi
 1(b1)  ??  
7 X 8.25 8.41 pi5 (a2)  1.0 
 A-B 9.5 9.30, 10.12 pi4 (b1), nO (b1) 1.08 
 C 10.05 10.24 pi3 (b1) 1.14 
 D-E 11.2 10.94, 11.31 nO (b2), pi2 (a2) 1.29 
 F 12.1 11.47 nO (a1)  
 G 12.5 11.88 nO (a2)   
C10H8 X 8.09  pi5  
 A 8.81  pi4  
 B 9.95  pi3  
 C 10.85  pi2  
 F 12.56  pi1  
a
 Both 4 and 7 have C2v symmetry; the molecular plane is yz plane. 
 
The electronic structures of 4 and 7 have been investigated by UV photoelectron 
spectroscopy (UPS) and quantum chemical calculations. The photoelectron 
spectra are shown in Figs.4.5-4.6 and the spectral assignments are given in Table 
4.3. We shall use the interaction between energy levels of the composite molecular 
fragments as the qualitative framework for understanding the observed ionization 
energy shifts.  
     
The assignment of the spectra can be facilitated by measuring relative band 
intensities at various photon energies and GF calculations which help us to 
determine the number of ionization events associated with each band. The 
HeII/HeI photoionization cross-section ratios for C2p, O2p and S3p orbitals are 
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0.31, 0.64 and 0.14, respectively20. This suggests that bands pertinent to ionization 
from the orbitals with mainly sulfur character (sulfur lone pairs) would show a 
pronounced decrease and bands related to orbitals with oxygen lone pair character, 




We compared our HeI/HeII spectra of 4 with the HeI spectra of naphthalene21a and 
421b, measured relative band intensities and HeI/HeII intensity changes. Our HeI 
spectrum is fully consistent with the one reported by Bock et al.21b whose 
assignment was based on HMO calculations. On the basis of all the experimental 
evidence we assign the first two partially resolved bands at 8.30 and 8.50 eV (Fig. 
4.3) to two ionizations: the former associated with the pi5 type orbital of the 
naphthalene moiety (Scheme 4.8) and the latter with the out-of-plane sulfur lone 
pair (piS). The piS assignment is consistent with the decrease in relative intensity of 
the 8.30 eV band as a whole, compared to the increase in relative intensity of the 
neighbouring 9.1 eV band. The latter band can be unambiguously attributed to pi4-
type
 
ionization. The 10.45 eV band intensity shows a very pronounced HeI/HeII 
decrease which is expected of the in-plane sulfur lone pair (σS). The 11.1 eV band 
can on the basis of its relative intensity and HeI/HeII intensity variation be 
attributed to pi3 and pi2 orbital type ionizations.  The 11.65 and 12.45 eV bands can 
then be assigned to σ ionizations. The most stable pi orbital (pi1) appears as a 
shoulder at 13.1 eV. However, due to the high density of ionic states in this region, 
the assignment of 13.1 eV band to pi1 orbital ionization is tentative. The MO 
description and labeling of occupied pi-orbitals in naphthalene is given in Scheme 
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5.8, based on the established assignment of its UPS spectrum21a. 
 
 
           pi5                                pi4                                         pi3                                          pi2                                           pi1 
Scheme 4.8 
 
Comparison of the sulfur lone pair ionization energies in dimethylsulfide (8.72 eV, 
11.30 eV)22, thietane 4e (8.65 eV, 11.89 eV)23 and 4 (8.5 eV, 10.45 eV) reveals that 
while the out-of-plane sulfur lone pair (piS) in 4 is destabilized by only 0.2 eV, the 
in-plane lone pair (σS) is destabilized by 0.85 eV. The CSC angles in the three 
molecules are 99, 77 and 730, respectively24, 25 and indicate the increasing 
rehybridization of sulfur atomic orbitals which lose S3s and gain S3p character. 
Since S3p orbital has higher energy than S3s, this can account for the observed 
destabilization.  The influence of sulfur bridge on the pi-electronic structure of the 
aromatic system can be assessed by comparing the UPS of 4 with the spectra of 
naphthalene21a (Table 4.3), thietane23 (4e) and diphenylsulfide26. Our final 
assignment for 4 is consistent with the previous partial one21b which was deduced 
from the less complete set of observations. 
     
Three types of influences on aromatic pi-orbitals can be envisaged as the result of 
bridging. Inductive stabilization would affect all pi-orbitals to a similar extent. 
Resonance interaction between orbital localized on X and on the aromatic system 
may destabilize or stabilize a particular pi-orbital depending on the energies of 
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interacting orbitals and on their symmetries. Finally, the distortion of aromatic 
skeleton (strain effect) with concomitant bond localization4b may also affect the pi-
orbitals and we shall try to estimate its magnitude from spectral data.  The 
inductive effect in 4, due to the presence of sulfur bridge is negligible, because 
sulfur has almost the same electronegativity as carbon. This leaves only resonance 
stabilization and strain effect to be considered. The electron density distribution in 
the pi4 orbital is such that it precludes resonant interaction with the out-of-plane 
orbital on the bridging sulfur (Scheme 4.8). This is due to the presence of the 
nodal plane at the bridging carbons in 1, 8 positions. Noting that the pi4 orbital is 
stabilized by 0.29 eV (vs. naphthalene) we estimate the strain effect to be of this 
magnitude. The pi3 orbital can be expected to be influenced by both stabilizing 
resonance and the strain effect and thus its energy shift vs. naphthalene should be 
large. The observed shift of 1.15 eV is consistent with this expectation. The 
deformation leading to strain effect is evident in the molecular structure of 4 
where the CC bond lengths alternate in the range of 1.34-1.43 Ǻ. 
 
Naphtho[1,8-bc]thiete-1,1’-dioxide (7) 
The molecule 7 does not have sulfur lone pairs, but its sulfone group introduces 
four additional valence ionizations (strongly localized on oxygens) which can be 
detected in the low energy UPS region27. The oxygen lone pairs of appropriate 
symmetry are capable of resonant interactions with the pi-orbitals of the aromatic 
system provided they are well matched in energy27. In addition, the 
electronegative oxygens are expected to exercise inductive stabilization on all pi-
ionizations. We recall that the bands associated with the ionizations from oxygen 
lone pairs are expected to show an increase in relative intensity on going from HeI 
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to HeII radiation. Taking into consideration relative band intensities, HeI/HeII 
intensity changes and comparison with the spectra of naphthalene, thiete 
1,1’dioxide27 (7e) and diphenyl sulfone (Ph-SO2-Ph)26 we conclude that bands at 
8.25 and 10.05 eV correspond to ionizations from pi5 and pi3 type orbitals, 
respectively. The band at 9.5 eV contains two ionizations (it has twice the 
intensity of 8.25 eV band): one from the pi4 type orbital and one from the oxygen 
lone pair (nO). The relative intensity and HeI/HeII intensity change of the 11.2 eV 
band indicates that it also comprises two ionizations: one associated with pi2 type 
orbital and the other with the oxygen lone pair (nO). We then assign the 12.1 and 
12.5 eV bands to ionizations from the remaining two oxygen lone pairs (nO) of a1 
and a2 symmetry. The energy shifts of pi5, pi4 , pi3 and pi2 type orbitals in 7 (vs. 
naphthalene) are 0.16, 0.69, 0.10 and 0.35 eV, respectively. The energy shifts 
appear smaller than in 4 due to the reduction of pi-orbital destabilizations by the 
stabilizing inductive effect of the SO2 group. The unraveling of the strain effect is 
now much more difficult than in 4, because of the simultaneous influence of three 
effects: inductive, resonance and strain. Nonetheless, we can compare shifts in 
oxygen lone pairs to give us a general indication of the total extent of interactions. 
Four oxygen lone pairs in Ph-SO2-Ph appear at 10.2, 10.97 and 11.74 eV26 and in 
(CH3)2SO2 at 10.8, 11.15, 11.75 and 12.07 eV28. The oxygen lone pairs in 7 are 
shifted away considerably from these values signifying that the total effect (which 
includes all three components mentioned above) of the SO2 bridge on the aromatic 
system is large. We note that the RSE of 4 and 7 are similar and hence we can 
expect similar magnitude for the strain effect. The pi4 orbital is least subject to 
resonant interactions (see above) and its stabilization by 0.69 eV contains mostly 
inductive and strain effect contributions. The inductive effect of the SO2 group can 
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be estimated from the shift of pi5 orbital which is 0.16 eV. A simple calculation 
then suggests that strain effect has the magnitude of 0.5 eV. This is the best 
estimate of strain effect which can be given on the basis of the available data. It is 
worth pointing out that the ionization energies themselves contain uncertainties 
due to band overlap and this would naturally affect the calculated energy shifts. 
Thus for instance, the 9.5 eV band contains two overlapping ionizations which 
makes it impossible to determine the pi4 ionization energy with great precision.   
 
4.5 Conclusion 
In this research the molecular structure and strain energy of peribridged 
naphthalenes were discussed on the basis of available experimental results and 
high-level ab initio calculations. The smallest bridging angle reported to date in 4 
has been observed, and it is established that heavier elements make better bridges 
(i.e. impose less strain on the aromatic moiety). This is due to longer C-X bonds. 
Our observed bridging CSC angle in 4 is smaller even than the bridging CBC 
angles in 1,8-naphthalenediylbis(2,4,6-trimethylphenyl)-borate (13) or N,N-bis(1-
methylethyl)-1H-naphtho[1,8-bc]boret-1-amine (14) which are 80.50 and 86.20, 
respectively29, 30.   
 
It is predicted on the basis of RSE that phosphorus and silicon bridged SAPN 
would be stable and amenable to synthesis. The significant distortion of 
naphthalene geometry is reflected in changes in the electronic structure of the 









Bruker SMART CCD area-detector                       1293 independent reflections  
diffractometer                                             
Radiation source: fine-focus sealed tube                916 reflections with I > 2σ(I) 
Monochromator: graphite                                       Rint = 0.0695 
T = 223 (2) K                                                          θmax = 25.0° 
ω scans                                                                    θmin = 3.0°   
Absorption correction: multi-scan                           h = -8→ 9 
(SADABS; Sheldrick, 2001)                                    
Tmin = 0.901, Tmax = 0.993                                       k = -12→ 12 
4084 measured reflections                                    l = -10→ 4 
 
Comment 
           The crystal is in monoclinic space group P21/n. Each asymmetric unit contains one 
titled molecule. Final refinement results are R1=0.0760, wR2=0.1540. 








Table 4.4  Crystal data and structure refinement for naphtho[1,8-bc]thiete 
Formula weight  158.21 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/n 
Unit cell dimensions a = 7.7001(11) Å α= 90°. 
 b = 10.5302(15) Å             β=95.691(4)°. 
 c = 9.0505(13) Å γ = 90°. 
Volume 730.23(18) Å3 
Z 4 
Density (calculated) 1.439 Mg/m3 
Absorption coefficient 0.356 mm-1 
F(000) 328 
Crystal size 0.30 x 0.12 x 0.02 mm3 
Theta range for data collection 2.98 to 24.99°. 
Index ranges -8<=h<=9, -12<=k<=12, -10<=l<=4 
Reflections collected 4084 
Independent reflections 1293 [Rint = 0.0695] 
Completeness to theta = 24.99° 100.0 %  
Absorption correction Sadabs (Sheldrick 2001) 
Max. and min. transmission 0.9929 and 0.9006 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1293 / 0 / 100 
Goodness-of-fit on F2 1.081 
Final R indices [I>2sigma(I)] R1 = 0.0760, wR2 = 0.1540 
R indices (all data) R1 = 0.1102, wR2 = 0.1661 
Largest diff. peak and hole 0.482 and -0.258 e.Å-3 
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 Table 4.5  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for naphtho[1,8-bc]thiete 
__________________________________________________________________ 
                                            x                       y                      z                       U(eq) 
 
S(1) 1358(2) 1326(1) 10241(2) 36(1) 
C(1) 3417(5) 2174(4) 10135(5) 28(1) 
C(2) 4525(6) 3114(4) 10640(5) 32(1) 
C(3) 6110(6) 3178(5) 9950(5) 32(1) 
C(4) 6552(6) 2380(4) 8849(5) 31(1) 
C(5) 5389(5) 1393(4) 8328(5) 29(1) 
C(6) 5455(6) 388(4) 7276(5) 33(1) 
C(7) 4103(6) -473(5) 7085(6) 35(1) 
C(8) 2561(6) -435(4) 7851(5) 33(1) 
C(9) 2498(5) 529(4) 8823(5) 29(1) 






















Table 4.6   Bond lengths [Å] and angles [°] for naphtho[1,8-bc]thiete 
________________________________________________________________  
 
S(1)-C(9)  1.829(5) 
S(1)-C(1)  1.831(4) 
C(1)-C(2)  1.356(6) 
C(1)-C(10)  1.384(6) 
C(2)-C(3)  1.427(6) 
C(3)-C(4)  1.372(7) 
C(4)-C(5)  1.421(6) 
C(5)-C(10)  1.372(6) 
C(5)-C(6)  1.428(6) 
C(6)-C(7)  1.379(7) 
C(7)-C(8)  1.434(7) 
C(8)-C(9)  1.348(6) 
C(9)-C(10)  1.391(6) 
C(9)-S(1)-C(1)                         73.1(2) 
C(2)-C(1)-C(10)                    119.1(4) 




















 Table 4.7 Anisotropic displacement parameters (Å2x 103) for naphtho[1,8-
bc]thiete. 
  
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________  
S(1) 26(1)  47(1) 37(1)  0(1) 10(1)  -5(1) 
C(1) 25(2)  36(3) 23(3)  8(2) 4(2)  -1(2) 
C(2) 39(3)  31(3) 25(3)  -2(2) 4(2)  0(2) 
C(3) 28(2)  36(3) 32(3)  3(2) 0(2)  -9(2) 
C(4) 22(2)  41(3) 31(3)  7(2) 6(2)  -4(2) 
C(5) 26(2)  33(3) 27(3)  5(2) 0(2)  -2(2) 
C(6) 31(3)  39(3) 31(3)  3(2) 9(2)  4(2) 
C(7) 42(3)  33(3) 29(3)  -6(2) -1(2)  3(2) 
C(8) 30(2)  34(3) 34(3)  3(2) -2(2)  -5(2) 
C(9) 23(2)  34(3) 29(3)  6(2) 3(2)  1(2) 
C(10) 26(2)  33(2) 20(2)  5(2) 2(2)  1(2) 
The anisotropic displacement factor exponent takes the form:  -2p2[ h2 a*2U11 
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Chapter 5  
 
Photoelectron Spectroscopy and Substituent Effects 
in Halonaphthalenes 
 
5.1   Introduction 
The substituent effects (SE) in naphthalene derivatives have not been studied by 
UV photoelectron spectroscopy (UPS) as extensively as those of their benzene 
analogues. UPS is an excellent experimental method for investigation of 
substituent effects. While mono-substituted naphthalenes have been studied by 
UPS1, 2, only a single study of di-substituted naphthalenes has been reported3. In 
some di-substituted naphthalenes and phenanthrenes distortions of the carbon 
skeleton were observed by X-ray diffraction4. The introduction of large halogens 
(bromine, iodine) into the aromatic skeleton at appropriate positions may induce 
molecular distortion. However, halogen substituents also serve as internal probes 
for the same distortion (in UPS), because halogen lone pair ionizations can be 
readily identified and measured accurately. In this work we shall discuss 







5.2     Synthetic Section 
5.2.1 1, 8- Dibromonaphthalene 
1,8-dibromonaphthalene was obtained in two steps16 (Scheme 5.2). Anhydro-8-
(hydroxymercuri)-1-naphthoic acid was prepared as the starting material in the 
former procedure. The solution of anhydro-8-(hydroxymercuri)-1-naphthoic acid 
in water-glacial acid mixture was cooled to 0ºC and a solution of bromine and 
sodium bromide was added slowly. The mixture was stirred and warmed slowly to 
reflux. When the reaction was completed, the reaction mixture was poured onto 
ice and filtered, and then dissolved in hot sodium hydroxide solution. The hot 
solution was filtered with Celite and the extraction of Celite with ether yielded 1, 
8-dibromonaphthalene as pale yellow needles. 
 
 
Scheme 5.2 Synthetic route for 1,8-dibromonaphthalene 
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5.2.2 1, 5- Dibromonaphthalene 
1, 5-dibromonaphthalene was prepared in three steps. First 2,6-di-tert-butyl was 
synthesized by the reported method13, 14. The 2, 6-di-tert-butyl naphthalene reacted 
with bromine in the presence of anhydrous aluminum chloride as catalyst to form 
1,5-dibromo-2,6-di-tert-naphthalene, which  was converted into 1,5-
dibromonaphthalene by reaction with benzene in the presence of anhydrous 
aluminum chloride15. 
 
Scheme 5.3 Synthetic route for 1, 5-dibromonaphthalene 
 
5.3   Experimental and Theoretical Methods 
1, 5-Dibromonaphthalene and 1,8-dibromonaphthalene were prepared according 
to the procedures reported previously9,10. Their identity and purity were checked 
by NMR and mass spectroscopy. 
     
The sample inlet temperatures were in the range 90-1000C. These temperatures 
were necessary in order to obtain sufficient vapor pressure in the ionization region.  
The HeI/HeII photoelectron spectra were recorded on a Vacuum Generators UV-
G3 spectrometer and calibrated with small amounts of Xe or Ar gas which was 
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added to the sample flow.  The spectral resolution in HeI and HeII spectra was 25 
meV and 70 meV, respectively when measured as FWHM of the 3p-1 2P3/2 Ar+ ← 
Ar (1S0) line. The resolution in the HeII spectra was always inferior to HeI, which 
implies that certain bands that are well resolved in HeI may become unresolved in 
the corresponding HeII spectrum.  
    
The assignment of the spectra of large molecules can be facilitated by measuring 
relative band intensities at various photon energies. Band intensities of halogen 
lone pair ionizations depend strongly on the photon energy. In particular, relative 
intensities of bromine lone pair bands decrease significantly (compared to carbon 
based orbitals) on going from HeI to HeII radiation. Such changes are caused by 
variations of Br4p and C2p atomic photoionization cross-sections with photon 
energy and are well substantiated by theoretical5 and UPS6 studies. These known 
intensity variations are an important assignment aid and they helped us to 
correlate bands with bromine lone pair ionizations.                                                    
 
The quantum chemical calculations were performed with the Gaussian 03 
program7.  The full geometry optimization was performed using the DFT method 
at B3LYP/6-31G* level. Subsequently, a single point Green’s functions (OVGF) 
type calculation implemented in the Gaussian program was performed in order to 
obtain ionization energies, using the 6-31G(d) basis set. GF calculations with the 
same basis sets as in our work were used previously to successfully assign the 




5.4  Results and Discussion 
5.4.1 Synthesis of 1,5-Dibromonaphthalene 
1,5-dibromonaphthalene was prepared in three steps13, 14. First, 2,6-di-tert-
butylnaphthalene was synthesized by naphthalene reacting with t-butyl chloride 
by adding anhydrous aluminum chloride slowly. This reaction was a typical 
Friedel-Crafts reaction. Hydrogen chloride was released vigorously in this 
reaction, and yielded 2,6-di-tert-butylnaphthalene as white prism crystals 
(23.24%). This compound has the same smell as naphthalene, and was easy to 




2,6-Di-tert-butylnaphthalene was converted to 1,5-dibromo-3,7-di-tert-
butylnaphthalene by Friedel-Crafts reaction with bromine using aluminum 
chloride as catalyst (48.3%). Because of the steric effect of the large substituents 
 112 
tert-butyl group, the bromine was attached to the aromatic ring at meta position of 
the tert-butyl group and form the 1,5-dibromo-3,7-di-tert-butylnaphthalene. This 
compound recrystallized from hexane and yielded single crystals as colorless 
crystals and was used for XRD analysis. The XRD report showed that the 
molecular structure of this compound was disordered. This may due to its bulk 
substituents, the tert-butyl group which resulted in the disorder of crystals to 
release the strain of the molecule. The NMR spectrum showed this compound 
only had three groups of protons. Two groups are doublet positioned at δ8.11 and 
7.88, which assigned to two protons in the 2,6-position and two protons in the 4,8-
position, and one is δ1.42 which according to the eighteen protons in the two tert-
butyl groups. 
 
Reaction of 1,5-dibroo-3,7-di-tert-butylnaphthalene with dry benzene catalyzed by 
aluminum chloride at room temperature gave 1,5-dibromonaphthalene (55.9%). 
This reaction was also a Friedel-Crafts reaction and the 1,5-dibromo-3,7-di-tert-




5.4.2 Substituent Effects in 1,5 and 1,8-Dibromonaphthalene 
The investigation of substituent effects requires reliable assignments of the spectra. 
Therefore we briefly describe the analysis of photoelectron spectra.  
 
















The HeI/HeII photoelectron spectra of 1 and 2 are shown in Figs. 5.1-5.2. In order 
to obtain reliable assignments, we combined the information on relative band 
intensities, band profiles, comparison with the spectra of bromonaphthalene1 and 
di-bromobenzenes11, HeI/HeII variations of band intensities and theoretical 
methods (GF calculations). The band profiles provide insight into the nature of the 
orbital from which ionization takes place; a sharp, narrow band often corresponds 
to the ionization from the strongly localized, nonbonding orbital as suggested by 
the Franck-Condon principle. Furthermore, bromine lone pair bands show a 
pronounced decrease in intensity on going from HeI to HeII photon energy. For 
example, the bands at 10.45 eV and 10.48 eV in the spectra of 1,5- and 1,8-
dibromonaphthalene, respectively show this behaviour and can thus be readily 
assigned to bromine lone pair ionizations. Nevertheless, halogen lone pair bands 
sometimes overlap with other pi and σ orbital ionizations which may mask the 
expected intensity changes. For example, the bands in the 9.1-9.35 eV manifold in 
the spectrum of 1,8-dibromonaphthalene do not show such strong intensity 
decrease. This is due to the fact that the manifold is composed of one pi-ionization 
and two bromine lone pairs. The correlation with the reliably assigned spectra of 
bromonaphthalene and dibromobenzenes then becomes necessary. The 
assignments of the spectra of title molecules are given in Table 5.1 and were 







Table 5.1. Experimental (Ei/eV) and calculated (OVGF/eV) vertical ionization 
energies, assignments and relative band intensities (HeII/HeI) in UPS of 
dibromonaphthalenesa 
Isomer Band Ei OVGF Assignment HeII/HeI 
1,5- X 8.21 7.89 au  (pi) 1.0 
 A 9.20 8.85 au  (pi) 1.03 
 B 9.60 9.41 bg (nBr)   0.82 
 C 10.45 10.42 ag (nBr) 0.33 
 D 10.72 10.63 bu (nBr) 0.33 
 E-F 11.05 10.93 
11.12 
au (nBr)  
bg (pi) 
0.62 
 G 11.75 11.98 σ  
 H 12.15 12.32 bg (pi)  















D 10.48 10.42 a2 (nBr) 0.55 
 
E (11.0) 11.19 a1 (nBr)  
 
F 11.35 11.48 b1  (pi)  
a
 The Ei in brackets corresponds to high energy shoulder 
     
The most important part of our analysis concerns the bromine-bromine 
interactions mediated via the aromatic pi-system (through-bond; TB) or direct, 
through-space interactions (TS). In 1 both TS and TB interactions are possible 
while in the 2 isomer only TB is applicable. In order to deduce the magnitude of 
TS interactions we compare the molecular structures of 1,8-diiodo- [4] and 1,8-
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dibromonaphthalene12. Considerable distortions from planarity, due to halogen-
halogen TS repulsions are evident in both molecules. For example, X-C1-C9 
angles are 1270 which demonstrates that the halogens are pushed apart by TS 
interactions. Furthermore, the two aromatic rings are not coplanar with torsion 
angles between pi-systems spanning 2-170 in 3 and 5-120 in 1. Surprisingly, in 
view of the smaller size of a bromine atom compared to iodine, 1 has distortions 
of similar magnitude as 3. Furthermore, the crystal structure of 3 comprises six 
crystallographically independent molecules while the crystal structure of 1 is 
disordered. These observations suggest that destabilizing halogen-halogen 
interactions in 1,8-diiodo and 1,8-dibromonaphthalenes lead to disorder and 
complexity of their molecular and crystal structures. In support of this conjecture 
we recall that the crystal structures of 2 and 4 exhibit no disorder. In 4 the iodine 
atoms are twisted strongly out of the plane of the aromatic system (by 630) which 
is due to strong mutual repulsion (TS). However, this large strain also serves to 
“lock” the molecular geometry by making it more rigid. In 1 and 3 on the other 
hand, the destabilizing TS interactions are much weaker which enables molecules 
to relieve strain via different modes e.g by twisting of bonds, bond angles or 
torsion angles. We suggest that the existence of different modes of strain relief 
causes structural disorder and complexity. The measured halogen-halogen inter-
nuclear separations in 1 and 3 amount to 82% of the sum of respective halogen 
van der Waals radii in both molecules. Therefore, on the basis of structural 
information we could conclude that in 1 and 3 halogen-halogen interactions are of 
similar magnitude.  
 
What about the energy of destabilization in 1 and 3 which occurs as a result of 
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halogen-halogen interactions? We shall estimate the energy from halogen lone pair 
ionization energies. The energy spread of iodine lone pair manifolds in 1,8- and 
1,5-diiodonaphthalenes3 are 1.85 and 1.25 eV respectively. This gives the 
estimated energy of I-I repulsive TS interaction as (1.85-1.25 eV) (i.e. 57.9 
kJ/mol). In 1 and 2 the energy spreads of bromine lone pair manifolds are 1.65 and 
1.45 eV, respectively. This gives the estimated energy for Br-Br repulsion of 
(1.65-1.45 eV) (i.e. 19.3 kJ/mol). 
 
5.5   Conclusion 
We have described the non-bonding, through-space interactions in 
dibromonaphthalenes. The use of UPS enabled us to estimate the energy of non-
bonding interactions and compare it with the results for diiodonaphthalene 
analogues. The Br-Br TS interactions in 1 are approximately 3 times smaller than 
the corresponding interactions in 3. This result is important, because the 
disordered crystal structure and the existence of crystallographically non-
equivalent molecules in the unit cell preclude unambiguous estimation of the 
magnitude of these interactions from X-ray data. It can be expected that the 
smaller bromine atom compared to iodine would lead to smaller intramolecular 
interactions in 1,8-dibromonaphthalene than the 1,8-diiodo analogue. However, 












Bruker SMART CCD area-detector                       1980 independent reflections  
diffractometer                                             
Radiation source: fine-focus sealed tube                1362 reflections with I > 2σ(I) 
Monochromator: graphite                                       Rint = 0.0414 
T = 223 (2) K                                                          θmax = 27.5° 
ω scans                                                                    θmin = 2.2°   
Absorption correction: multi-scan                           h = -16→ 16 
(SADABS; Sheldrick, 2001)                                    
Tmin = 0.179, Tmax = 0.560                                       k = -16→ 16 
11808 measured reflections                                    l = -13→ 10 
 
Comment 
The crystal is in tetragonal space group P42/n.  The asymmetric unit contains one 
half of the molecule.  The whole molecule is generated through the centre of 
symmetry.  The naphthalene ring is disordered by flipping over into two positions 
with 50:50 occupancy ratios.  Because of this disordered, the naphthalene ring was 
refined with constraints in bond lengths and thermal parameters.  Final R values 




Figure 5.3. Molecular structure of 1,5-dibromo-3,7-di-tert-butylnaphthalene 
 
 






Table 5.2.  Crystal data and structure refinement for 1,5-dibromo-3,7-di-tert-
butylnaphthalene. 
 
Empirical formula  C18 H22 Br2 
Formula weight  398.18 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Tetragonal 
Space group  P42/n 
Unit cell dimensions a = 13.0303(12) Å α= 90°. 
 b = 13.0303(12) Å β= 90°. 
 c = 10.170(2) Å γ= 90°. 
Volume 1726.8(4) Å3 
Z 4 
Density (calculated) 1.532 Mg/m3 
Absorption coefficient 4.684 mm-1 
F(000) 800 
Crystal size 0.56 x 0.54 x 0.14 mm3 
Theta range for data collection 2.21 to 27.48°. 
Index ranges -16<=h<=16, -16<=k<=16,  
                                                                       -13<=l<=10 
Reflections collected 11808 
Independent reflections 1980 [Rint = 0.0414] 
Completeness to theta = 27.48° 99.6 %  
Absorption correction Sadabs (Sheldrick 2001) 
Max. and min. transmission 0.5601 and 0.1790 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 1980 / 72 / 136 
Goodness-of-fit on F2 1.051 
Final R indices [I>2sigma(I)] R1 = 0.0365, wR2 = 0.0856 
R indices (all data) R1 = 0.0637, wR2 = 0.0946 
Largest diff. peak and hole 0.724 and -0.204 e.Å-3 
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Table 5.3.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for 1,5-dibromo-3,7-di-tert-butylnaphthalene. U(eq) is 
defined as one third of  the trace of the orthogonalized Uij tensor. 
 
__________________________________________________________________  
 x y z U(eq) 
__________________________________________________________________  
C(1X) 5005(7) 6891(8) 688(13) 33(2) 
C(2X) 4381(5) 6054(5) 935(6) 34(1) 
C(4X) 5428(4) 4934(5) -419(7) 22(2) 
C(5X) 6059(4) 5791(3) -629(5) 29(1) 
C(6X) 5861(5) 6738(4) -108(6) 33(1) 
C(1Y) 5346(8) 3202(8) -901(13) 34(2) 
C(2Y) 4586(6) 3609(5) -127(7) 40(1) 
C(4Y) 5394(6) 5331(5) -199(9) 42(3) 
C(5Y) 6157(5) 4878(4) -977(6) 45(2) 
C(6Y) 6132(6) 3857(4) -1308(7) 46(2) 
C(9) 5711(4) 8456(4) 1478(6) 110(2) 
C(8) 4084(5) 8509(3) 180(4) 107(2) 
C(10) 4103(4) 8021(3) 2521(4) 80(1) 
C(7) 4687(3) 7959(2) 1248(3) 49(1) 















Table 5.4.   Bond lengths [Å] and angles [°] for 1,5-dibromo-3,7-di-tert-
butylnaphthalene.. 
__________________________________________________________________  
C(1X)-C(2X)  1.383(8) 
C(1X)-C(6X)  1.392(8) 
C(1X)-C(7)  1.561(11) 
C(2X)-C(4X)#1  1.413(7) 
C(4X)-C(5X)  1.404(6) 
C(4X)-C(2X)#1  1.413(7) 
C(4X)-C(4X)#1  1.414(8) 
C(5X)-C(6X)  1.367(6) 
C(5X)-Br(1)  1.898(5) 
C(1Y)-C(2Y)  1.372(8) 
C(1Y)-C(6Y)  1.396(8) 
C(1Y)-C(7)#1  1.555(10) 
C(2Y)-C(4Y)#1  1.420(7) 
C(4Y)-C(4Y)#1  1.402(9) 
C(4Y)-C(5Y)  1.402(7) 
C(4Y)-C(2Y)#1  1.420(7) 
C(5Y)-C(6Y)  1.373(7) 
C(5Y)-Br(1)  1.918(6) 
C(9)-C(7)  1.501(5) 
C(8)-C(7)  1.520(5) 
C(10)-C(7)  1.504(5) 




































Symmetry transformations used to generate equivalent atoms:  
#1 -x+1,-y+1,-z       
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Table 5.5.   Anisotropic displacement parameters  (Å2x 103) for 1,5-dibromo-3,7-
di-tert-butylnaphthalene.  The anisotropic displacement factor exponent takes the 
form:  -22[ h2 a*2U11 + ...  + 2 h k a* b* U12 ] 
__________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________  
C(1X) 41(6)  31(4) 27(5)  5(3) -5(4)  -6(4) 
C(2X) 36(3)  33(4) 31(3)  -1(3) 3(3)  7(3) 
C(4X) 18(3)  27(4) 21(3)  1(3) -1(3)  -3(3) 
C(5X) 26(3)  27(3) 34(3)  6(2) 2(2)  -3(2) 
C(6X) 39(3)  23(3) 37(3)  6(2) 0(3)  -14(2) 
C(1Y) 44(6)  29(5) 30(5)  2(3) -8(4)  2(4) 
C(2Y) 50(4)  35(4) 34(4)  7(3) -14(3)  -4(3) 
C(4Y) 57(5)  38(5) 32(4)  -8(4) -18(4)  11(4) 
C(5Y) 48(4)  40(3) 47(4)  10(3) -17(3)  -10(3) 
C(6Y) 64(5)  34(3) 39(4)  -3(3) -5(3)  11(3) 
C(9) 95(4)  62(3) 173(6)  -28(3) 31(3)  -22(2) 
C(8) 202(6)  52(2) 67(3)  -3(2) -24(3)  60(3) 
C(10) 104(3)  65(3) 72(3)  -8(2) 13(2)  -5(2) 
C(7) 73(2)  32(2) 42(2)  -4(1) -2(2)  -3(2) 




1. L. Klasinc, B. Kovač, and H. Güsten, Pure Appl. Chem., 1983, 55, 289 
2. C. Utsunomiya, T. Kobayashi, and S. Nagakura, Bull .Chem. Soc. Jpn., 1975,  
48, 1852 
3. I. Novak, H. Jiang, and B. Kovač, J. Phys. Chem. A, 2003, 107, 480 
4. H. Bock, M. Sievert, and Z. Havlas, Chem. Eur. J., 1998, 4, 677 
5. J. J. Yeh, Atomic Calculation of Photoionization Cross-sections and 
Asymmetry Parameters, Gordon and Breach: Langhorne 1993 
6. J. K. Padden Metzker, N. E. Gruhn, and D. L. Lichtenberger, J. Phys. Chem. 
A, 2002, 106, 9999 
7. Gaussian 03, Revision B5,  M. J. Frisch, G. W. Trucks, H. B. Schlegel,  
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. 
Montgomery, Jr., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam,  
A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, 
M. Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J. 
Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K. Malick, 
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslowski, J. V. Ortiz, B. 
B. Stefanov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts, R. 
L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, 
C. Gonzalez, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. 
Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle, and J. A. 
Pople, Gaussian, Inc., Pittsburgh PA, 2003 
8. K. Imura, N. Kishimoto, and K. Ohno, J. Phys. Chem. A, 2001, 105, 4189 
9. R. G. Harvey, J. Pataki, C. Cortez, P. Di Raddo, and C. X. Yang, J.Org.Chem. 
1991, 56, 1210  
 126 
10. R. J. Balley, P. J. Card, and H. Shechter, J. Am. Chem. Soc. 1983, 105, 6096 
11. T. Cvitaš, L. Klasinc, Croat. Chem. Acta, 1977, 50, 291 
12. R. C. Haltiwanger, P. T. Beurskens, J. M. J. Vankan, and W. S. Weeman, 
J.Cryst.Spectrosc.Res. 1984, 14, 589 
13. W. Gump., J.Am.Chem.Soc,. 1931, 53, 380 
14. H. Marjorie Crawford and Mary Carolyn Glesmann., J.Am.Chem.Soc,.1954, 76, 
1108 
15. Ronald G. Harvey, John Pataki, Cecilia Cortez, Pasquale Di Raddo, ChengXi 
Yang., J. Org. Chem., 1991, 56, 1210 























Chapter 6  
 




6.1   Introduction 
Aryl esters contain bulky aromatic system. In the previous study it was found that 
aryl esters may undergo conformationally-dependent photoreactions1, one of 
which was referred to as photo-Fries rearrangement2. However, in 1965 Finnegan 
and Knuston found that UV irradiation of refluxing benzene yielded 
decarboxylation products from esters with bulky substituents near the position of 
acylate attachment3. The following study also indicated a preference for 






In the study of decarboxylation processes which occur in the rearrangements of 
acyl ester, it was suggested that these decarboxylation processes could be 
influenced by molecular conformations5. However, very little is known about the 
conformations of aryl esters in the singlet ground states. In this chapter the 
synthesis and molecular structure of (8-bromonaphthalene-1-yl) methyl 8-bromo-
1-naphthoate were studied for better understanding of the geometry of aryl esters. 
 
6.2  Synthetic Section 
(8-bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate was formed in the 
reaction between 8-bromo-1-naphthoic acid and lithium aluminum hydride. It was 
a by-product of the process designed to make (8-bromo-1-naphthyl) methanol 
from 8-bromo-1-naphthoic acid by using ethyl ether as the solvent, and was 
obtained during the column chromatography with hexane-ethyl acetate (6:1) 
solution. Crystals of (8-bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate 
came out of solution as the second fraction immediately after it was collected in 
the test tubes. 
















The reaction resulted in the synthesis of (8-bromonaphthalene-1-yl) methyl 8-
bromo-1-naphthoate is depicted in Scheme 6.2. 
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6.3 Crystal Structure of (8-Bromonaphthalene-1-yl) methyl 8-  
bromo-1-naphthoate 
 
The crystal structure of (8-bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate 
(Figure 6.1 and 6.2) (Table 6.1) was determined on a Bruker Smart CCD area-
detector diffractometer6 using monochromated Mo Kα radiation and data were 
analyzed with SHELXL-97 software7-9.  
 
The details of the crystal structure are listed below: 
Crystal Data 
C22H14Br2O2 Z=4 
Mr = 470.15 Dx = 1.476 Mg m -3 
Monoclinic, P21/c Mo Kα radiation 
a = 15.477(7) Å µ = 4.55 M -1 
b = 8.824(4) Å T = 223 (2) K 
c = 14.006(6) Å Plate, colourless 
β = 110.716 (8)° 0.24 x 0.24 x 0.04 mm3 






Bruker SMART CCD area-detector          9904 measured reflections 
diffractometer                                            3153 independent reflections 
φ and ω scans                                             1509 reflections with I > 2σ(I) 
Absorption correction: multi-scan              Rint = 0.069 
(SADABS; Sheldrick, 2001)                      θmax = 25.0° 
Tmin = 0.408                                                Tmax = 0.839 
 
Refinement 
Refinement on F2                                        H-atom parameters constrained 
R[F2 > 2σ(F2)] = 0.071                                w = 1/[ σ 2(Fo2) + (0.1218P) 2] 
wR(F2) = 0.236                                                where P = (Fo2 + 2Fc2)/3 
S = 1.00                                                       (∆/σ)
 max < 0.001 
3153 reflections                                            ∆ρmax = 0.64 e Å ─3 
235 parameters                                             ∆ρmin = ─ 0.58 e Å ─3 
 
 
H atoms were positioned geometrically (C—H = 0.94 Å) and refined as riding, with 






Fig 6.1.  The molecular structure of (8-bromonaphthalene-1-yl) methyl 8-bromo-













Table 6.1.   Bond lengths [Å] and angles [°] for (8-bromonaphthalene-1-yl) 
methyl 8-bromo-1-naphthoate  
______________________________________________________________________________ 
Br(1)-C(1)  1.893(9) 
Br(2)-C(12)  1.880(8) 
O(1)-C(22)  1.313(11) 
O(1)-C(11)  1.442(9) 
O(2)-C(22)  1.214(9) 
C(1)-C(2)  1.368(12) 
C(1)-C(10)  1.412(11) 
C(2)-C(3)  1.340(14) 
C(3)-C(4)  1.354(14) 
C(4)-C(5)  1.424(12) 
C(5)-C(6)  1.398(13) 
C(5)-C(10)  1.415(12) 
C(6)-C(7)  1.357(15) 
C(7)-C(8)  1.322(14) 
C(8)-C(9)  1.383(12) 
C(9)-C(10)  1.433(11) 
C(9)-C(11)  1.498(12) 
C(12)-C(13)  1.364(12) 
C(12)-C(21)  1.419(11) 
C(13)-C(14)  1.402(15) 
C(14)-C(15)  1.327(14) 
C(15)-C(16)  1.385(14) 
C(16)-C(17)  1.441(14) 
C(16)-C(21)  1.442(11) 
C(17)-C(18)  1.334(14) 
C(18)-C(19)  1.395(14) 
C(19)-C(20)  1.359(11) 
C(20)-C(21)  1.405(10) 















































6.4 Results and Discussion 
The geometry of the ester group (i.e. CO bond lengths and OCC bond angles) in 
(8-bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate (Fig. 6.1) is almost 
identical to the geometry of the carboxyl group in 1-naphthoic acid10. In 1-
naphthoic acid, the dihedral angle between the naphthalene ring system and the 
carboxyl group is 8.4 º; however, in (8-bromonaphthalene-1-yl) methyl 8-bromo-
1-naphthoate the angle is 81.0 º which indicated that the plane of the ester group is 
almost perpendicular to the naphthalene ring system.  
 
The dihedral angle between the two naphthalene ring systems in (8-
bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate is 105.3º. The large 
dihedral angle observed is not due to the presence of bulky bromine substituents. 
This can be concluded from the comparison of its structure with 1-naphthyl-2-
phenylpropanoate, in which the planes of the aromatic rings are nearly orthogonal5. 
The observed solid-state conformation of (8-bromonaphthalene-1-yl) methyl 8-
bromo-1-naphthoate precludes electron resonance/delocalization between ester 
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and naphthyl groups.  
 
Furthermore, the puckered conformation of (8-bromonaphthalene-1-yl) methyl 8-
bromo-1-naphthoate is unsuitable for the photoinduced decarboxylation process 
due to the anti conformation of the CH2– O – CO – Caryl unit. The decarboxylation 
involves a concerted process which is favored by the syn configuration of the 




The structure of (8-bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate reveals 
the anti conformation of the two naphthalene rings. The plane of the ester group is 
almost perpendicular to the planes of the two aromatic rings. The crystal packing 















(8-Bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate 
 
Data Collection 
Bruker SMART CCD area-detector                       3153 independent reflections  
diffractometer                                             
Radiation source: fine-focus sealed tube                1509 reflections with I > 2σ(I) 
Monochromator: graphite                                       Rint = 0.0691 
T = 223 (2) K                                                          θmax = 25.0° 
ω scans                                                                    θmin = 2.7°   
Absorption correction: multi-scan                           h = -18→ 18 
(SADABS; Sheldrick, 2001)                                    
Tmin = 0.408, Tmax = 0.839                                      k = -7→ 10 
9904 measured reflections                                     l = -16→ 16 
 
Comment 
            The crystal is in monoclinic space group P21/c.  The asymmetric unit contains one 
molecule of the titled compound. For 2-theta max at 50 degrees, final R values are:  
R1=0.0707 and wR2=0.2002. 







Table 6.2  Crystal data and structure refinement for (8-bromonaphthalene-1-yl) 
methyl 8-bromo-1-naphthoate  
 
Formula weight  470.15 
Temperature  223(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21/c 
Unit cell dimensions                                     a = 15.477(7) Å            α= 90°. 
                                                                      b = 8.824(4) Å              β=110.716(8)°. 
                                                                      c = 14.006(6) Å             γ = 90°. 
Volume 1789.0(13) Å3 
Z 4 
Density (calculated) 1.746 Mg/m3 
Absorption coefficient 4.545 mm-1 
F(000) 928 
Crystal size 0.24 x 0.24 x 0.04 mm3 
Theta range for data collection 2.70 to 25.00°. 
Index ranges -18<=h<=18, -7<=k<=10, -
16<=l<=16 
Reflections collected 9904 
Independent reflections 3153 [Rint = 0.0691] 
Completeness to theta = 25.00° 99.8 %  
Absorption correction Sadabs (Sheldrick 2001) 
Max. and min. transmission 0.8391 and 0.4084 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3153 / 0 / 235 
Goodness-of-fit on F2 1.001 
Final R indices [I>2sigma(I)] R1 = 0.0707, wR2 = 0.2002 
R indices (all data) R1 = 0.1505, wR2 = 0.2363 









Table 6.3 Atomic coordinates  ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for (8-bromonaphthalene-1-yl) methyl 8-bromo-1-
naphthoate  
 
U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
_______________________________________________________________________________ 
 x y z U(eq) 
_______________________________________________________________________________ 
Br(1) 3167(1) -220(1) 6402(1) 105(1) 
Br(2) 1809(1) 5252(1) 3346(1) 101(1) 
O(1) 2767(4) 2841(6) 5084(4) 71(2) 
O(2) 1377(5) 1892(7) 4167(5) 89(2) 
C(1) 4418(6) 254(9) 6636(7) 71(2) 
C(2) 5004(8) -403(11) 7510(8) 91(3) 
C(3) 5919(9) -250(12) 7762(8) 100(3) 
C(4) 6295(8) 619(11) 7213(8) 93(3) 
C(5) 5697(7) 1316(9) 6302(7) 71(2) 
C(6) 6086(8) 2199(12) 5731(10) 98(3) 
C(7) 5546(10) 2938(12) 4879(10) 102(4) 
C(8) 4641(8) 2754(10) 4562(8) 85(3) 
C(9) 4180(7) 1900(9) 5060(6) 70(2) 
C(10) 4726(7) 1149(8) 5984(6) 67(2) 
C(11) 3152(7) 1770(9) 4566(6) 78(3) 
C(12) 1460(6) 6208(9) 4353(6) 68(2) 
C(13) 1317(7) 7733(11) 4229(9) 92(3) 
C(14) 984(8) 8564(12) 4880(12) 113(4) 
C(15) 819(7) 7830(14) 5624(10) 100(3) 
C(16) 964(6) 6292(10) 5805(7) 72(2) 
C(17) 779(7) 5496(15) 6611(8) 99(3) 
C(18) 973(7) 4026(15) 6788(7) 99(3) 
C(19) 1331(7) 3176(12) 6174(7) 91(3) 
C(20) 1479(6) 3848(9) 5372(6) 63(2) 
C(22) 1864(8) 2768(8) 4797(6) 71(3) 






Table 6.4 Anisotropic displacement parameters  (Å2x 103) for (8-
bromonaphthalene-1-yl) methyl 8-bromo-1-naphthoate.  The anisotropic 
displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  + 2 h k a* 
b* U12 ] 
______________________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________  
Br(1) 99(1)  91(1) 137(1)  33(1) 56(1)  6(1) 
Br(2) 131(1)  106(1) 72(1)  20(1) 44(1)  4(1) 
O(1) 81(5)  61(4) 55(3)  -10(3) 4(3)  10(3) 
O(2) 103(5)  77(4) 78(4)  -18(3) 22(4)  -12(3) 
C(1) 85(7)  62(5) 65(5)  0(4) 26(5)  12(5) 
C(2) 121(10)  78(7) 78(7)  15(5) 42(7)  13(7) 
C(3) 125(11)  96(8) 68(6)  7(6) 20(7)  14(7) 
C(4) 111(9)  65(6) 85(7)  -26(5) 11(7)  19(6) 
C(5) 89(8)  46(5) 85(6)  -14(4) 38(6)  3(5) 
C(6) 105(9)  72(7) 142(10)  -26(7) 74(9)  -1(6) 
C(7) 131(11)  81(8) 131(10)  28(7) 91(10)  11(7) 
C(8) 120(9)  73(6) 74(6)  15(5) 50(7)  12(6) 
C(9) 97(8)  55(5) 56(5)  -4(4) 25(5)  5(5) 
C(10) 96(8)  49(5) 59(5)  -5(4) 32(5)  6(4) 
C(11) 99(8)  72(6) 57(5)  4(4) 20(5)  34(5) 
C(12) 82(6)  54(6) 67(5)  1(4) 26(5)  1(4) 
C(13) 99(8)  59(7) 118(9)  17(6) 37(7)  -5(5) 
C(14) 94(9)  56(7) 167(12)  16(8) 18(9)  -4(6) 
C(15) 82(8)  85(8) 119(9)  -50(7) 18(7)  2(6) 
C(16) 71(6)  68(7) 65(5)  -21(5) 8(5)  0(5) 
C(17) 88(8)  137(10) 61(6)  -21(6) 12(6)  10(7) 
C(18) 106(9)  138(10) 43(5)  25(6) 14(5)  0(7) 
C(19) 95(8)  124(9) 49(5)  3(5) 21(5)  -13(6) 
C(20) 69(6)  55(5) 51(5)  10(4) 7(4)  12(4) 
C(22) 111(8)  35(5) 53(5)  2(4) 11(6)  1(5) 
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7.1  Introduction 
Sulfonylhydrazone (tosyl) derivatives are series of compounds with the general 
formula of p-CH3Ph – SO2 – NH – N=CH – R. Their structures are of considerable 
interest, especially the structural features of R-substituents with 
their less stable conformers.  
The conformations of carbocyclic acids and silacyclic ring substituents in 
tosylates have been studied. In Boss’s research it was found that trans-7, 7-
diphenyl-7- silabicyclo[3.3.0]octan-3-one p- tosylhydrazone crystallized as a 
tetrahydrofuran solvate is disordered1. The geometry of the crystal is flat with the 
two cyclopentane rings adopting envelope conformation due to the trans-fusion of 
the system. Ojala and Gleason investigated the crystal structures of 
cyclopentanone tosylhydrazone and cyclohexanone tosylhydrazone2. The 
conformations of the N–N–S–O units are both anti in the two structures. 
Furthermore, the packing arrangement showed both centrosymmetrically 
hydrogen-bonded pairs of molecules, with the anti O atom as the acceptor atom. 
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Ojala and Gleason also studied the crystal structures of two polymorphs of 
acetone tosylhydrazone. Although their conformations were found to be different, 
the intermolecular hydrogen-bonding in the two molecules is similar3. Crystal 
structures of bicyclo[3.3.1]nonon-9-one and p-methoxybenzenesulfonylhydrazone 
at different temperatures were investigated4. They were found to undergo chair-
chair ⇔ chair-boat interconversion in the solid state. For silacyclic ring 
substituents, the study on crystal structure of 1, 1-dimethyl-1-silacyclohexan-4-
one tosylhydrazone by Negron and Barnes6 showed that although the calculation 
result proposed the chair conformation to be more stable for this silacyclic ring 
system as well as for the carbocyclic analog, the crystal structure of the compound 
indicated unusual twist-boat conformation of the silacyclohexylidene ring, which 
is favored by the packing motif involving centrosymmetrically paired N–H···O 
hydrogen bonds, aromatic stacking and van der Waals contacts. 
Intramolecular hydrogen bonding in sulfonylhydrazone is also of great interest.  
Mass and Hoge5 studied the conformation of methyl phenyl[syn-α-
(tosylhydrazono)benzyl]phosphinate and found that the syn configuration around 
the C=N double bond supports the formation of an intramolecular N–H···O 
hydrogen bond which results in the formation of a six-membered ring.  
 
In this chapter we describe how 8-Bromonaphthalene-1-carbaldehyde (4- 





7.2  Synthetic Section 
8-Bromonaphthalene-1-carbaldehyde (4-methylphenylsulfonyl)hydrazone was 
synthesized by following a synthetic route by Bailey in the procedure starting 
from cyclobutanaphthalene7. A solution of 8-bromo-1-naphthaldehyde (prepared 
in the previous procedure) in 95% ethanol was prepared, and p-tosyl-hydrazide 
was added into the solution followed by mild warming of the reaction mixture. 
After addition of several drops of concentrated hydrochloric acid, the solution was 
cooled to 25ºC and the hydrazone came out as white needles. Recrystallization of 
the crude hydrazone from methanol yielded good quality crystals of hydrazone as 
colourless needles.  
 
 









7.3   Crystal Structure of 8-Bromonaphthalene-1-carbaldehyde 
(4- methylphenylsulfonyl)hydrazone 
The crystal structure of 8-Bromonaphthalene-1-carbaldehyde (4- 
methylphenylsulfonyl)hydrazone (Figure 7.1) (Figure 7.2) (Table 7.1) was 
determined on a Bruker Smart CCD area-detector diffractometer8 using 
monochromated Mo Kα radiation and data were analyzed with SHELXL-97 
software9-11. The details of the crystal structure are listed below: 
 
Crystal Data 
C18H15BrN2 O2S V = 1719.64(19) Å3 
Mr = 403.29 Z=4 
Monoclinic, P21/c Mo Kα radiation 
a = 12.2464(8) Å µ = 2.52 mm -1 
b = 18.7781(12) Å T = 223 (2) K 
c = 7.4984(5) Å Plate, colourless 




Bruker SMART CCD area-detector         11977 measured reflections 
diffractometer                                           3941 independent reflections 
Absorption correction: multi-scan            2581 reflections with I > 2σ(I) 
      (SADABS; Sheldrick, 2001)              Rint = 0.033 




R[F2 > 2σ(F2)] = 0.055                             H atoms treated by a mixture of  
wR(F2) = 0.151                                              independent and constrained                                                
S = 1.06                                                         refinement 
3941 reflections                                         ∆ρmax = 0.87 e Å ─3 
221 parameters                                          ∆ρmin = ─ 1.08 e Å ─3 
 
 
Fig 7. 1. The molecular structure of   8-Bromonaphthalene-1-carbaldehyde (4-
methylphenylsulfonyl)hydrazone, with atom labels and 50% probability 
displacement ellipsoids for non-H atoms 




Table 7.1.   Selected hydrogen bonding distance [Å] and angle [°] in the crystal 
structure of 8-bromonaphthalene-1-carbaldehyde (4-methylphenylsulfonyl) 
hydrazone  
 
D—H ··· A D—H H ··· A D ··· A D—H ··· A 
N2—H2 ··· O1i 0.86 (4) 2.15 (4) 3.012 (4) 174 (3) 
Symmetry code: (i) x; ─y + ½, z - ½. 
 
7.4 Results and Discussion 
The hydrazone and naphthyl units are twisted away from each other by 35 (1)°. 
The bromine substituent and the carbon center attached to the hydrazone group are 
twisted out of the plane of the naphthalene system by 6 (1) and 7 (1)°, respectively. 
Intermolecular hydrogen bonding and intermolecular pi-pi stacking hold the crystal 
structure together. The average distance between stacked naphthyl ring planes is 
3.7 (1) Å. 
 
The crystal structure of 8-Bromonaphthalene-1-carbaldehyde (4-
methylphenylsulfonyl)hydrazone is non-planar with the planes of phenyl and 
naphthyl moieties inclined at 71° angle (Fig. 7.1). The bromine substituent and 
C11 center are twisted out of the naphthalene plane by 5 (1)º, presumably due to 
the steric repulsion between bromine and hydrogen situated at C11. The 
hydrazone exhibits eclipsed anti conformation along N1─N2─S1─O2 linkage 
with the torsional angle of 177.3(3) °. 
 
The two S─O bond lengths differ by only 0.007Å which suggests that there is no 
delocalization of N2 lone pair into the sulfonyl group; the two moieties being in 
gauche conformation with respect to each other. This is different from the 
cyclopentanone tosylhydrazone where such delocalization has been proposed by 
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Ojala and Gleason2. The phenyl ring is in the gauche conformation at 20 (2)° 
versus the SO2 group. 
 
The crystal packing of 8-Bromonaphthalene-1-carbaldehyde (4-
methylphenylsulfonyl)hydrazone is dominated by two kinds of intermolecular 
interactions: NH ··· O hydrogen bonding and aryl (naphthalene) ring stacking (Fig. 
7. 2). The interplanar distance pertinent to pi ···pi stacking is 3.619 (8) Å. The 
length of hydrogen bonding which is 2.16 (4) Å suggests that pi ···pi stacking is 
more important of the two. This is similar to the results obtained for 























H atoms were positioned geometrically (C─H = 0.94 Å) and refined as riding with 
Uiso(H) = 1.2Ueq(C). The highest peak is located 0.869Å from atom Br 1 and the 




C18H15Br2N2O2S F000 = 816 
Mr = 403.29 Dx = 1.558 Mg m -3 
Monoclinic, P21/c Mo Kα radiation 
λ= 0.71073 Å 
 θ=2.2-22.9º 
A = 12.2464(8) Å Cell parameters from 2105 reflections 
B = 18.7781(12) Å µ = 2.52 mm -1 
C = 7.4984(5) Å T = 223 (2) K 
Β = 94.241 (2)° Needle, colourless 





Bruker SMART CCD area-detector                       3941 independent reflections  
diffractometer                                             
Radiation source: fine-focus sealed tube                2581 reflections with I > 2σ(I) 
Monochromator: graphite                                       Rint = 0.033 
T = 223 (2) K                                                          θmax = 22.9° 
ω scans                                                                    θmin = 2.2°   
Absorption correction: multi-scan                           h = -15→ 14 
(SADABS; Sheldrick, 2001)                                    
Tmin = 0.390, Tmax = 0.824                                       k = -23→ 24 
11977 measured reflections                                    l = -9→ 9 
 
Refinement 
Refinement on F2                                        H-atom parameters treated by a mixture                         
of Independent and constrained 
refinement 
Least-squares matrix: full                             w = 1/[ σ 2(Fo2) + (0.1218P) 2] 
                                                                     where P = (Fo2 + 2Fc2)/3 
R[F2 > 2σ(F2)] = 0.055                               (∆/σ)
 max < 0.001 
wR(F2) = 0.151                                            ∆ρmax = 0.64 e Å ─3 
S = 1.06                                                       ∆ρmin = ─ 0.58 e Å ─3 
3941 reflections                                           Extinction correction: none 
221 parameters     
Primary atom site location: structure-invariant direct methods 
Secondary atom site location: difference Fourier map  




Geometry. All ESDs (except the esd in the dihedral angle between 1.s. planes) are 
estimated using the full covariance matrix. The cell esds are taken into account 
individually in the estimation of esds in distances, angles and torsion angles; 
correlations between esds in cell parameters are only used when they are defined 
by crystals symmetry. An approximate (isotopic) treatment of cell esds is used for 
estimating esds involving 1.s. planes. 
 
Refinement. Refinement of F2 againest ALL reflections. The weighted R-factor 
wR and goodness of fit S are based on F2, conventional R-factors R are based on F, 
with F set to zero for negative F2. The threshold expression of F2> 2sigma(F2) is 
used only for calculating R-factors(gt) etc. and is not relevant to the choice of 
reflections for refinement. R-factors based on F2 are statistically about twice as 
large as those based on F, and R- factors based on ALL data will be even larger. 
 
Table 7.2 Atomic coordinates ( x 104) and equivalent  isotropic displacement 
parameters (Å2x 103) for 8-Bromonaphthalene-1-carbaldehyde (4- 
methylphenylsulfonyl)hydrazone 
U(eq) is defined as one third of  the trace of the orthogonalized Uij tensor. 
 x y z U(eq) 
Br(1) 4001(1) 803(1) 7352(1) 109(1) 
S(1) 740(1) 3173(1) 7845(1) 49(1) 
O(1) 1068(2) 3496(1) 9527(3) 59(1) 
O(2) -310(2) 2850(2) 7576(4) 66(1) 
N(1) 2709(2) 2743(2) 7687(4) 46(1) 
N(2) 1611(2) 2527(2) 7556(4) 47(1) 
C(1) 5391(3) 2042(2) 6797(4) 48(1) 
C(2) 5315(3) 1286(2) 6893(5) 57(1) 
C(3) 6192(4) 852(2) 6796(6) 73(1) 
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C(4) 7231(4) 1134(3) 6596(6) 78(1) 
C(5) 7369(3) 1844(3) 6547(6) 74(1) 
C(6) 6471(3) 2313(2) 6646(5) 57(1) 
C(7) 6657(4) 3053(2) 6644(6) 69(1) 
C(8) 5826(4) 3513(2) 6763(7) 76(1) 
C(9) 4761(3) 3262(2) 6868(6) 62(1) 
C(10) 4517(3) 2549(2) 6868(4) 46(1) 
C(11) 3349(3) 2360(2) 6834(4) 46(1) 
C(12) 890(3) 3803(2) 6158(4) 45(1) 
C(13) 225(3) 3762(2) 4594(5) 51(1) 
C(14) 386(3) 4228(2) 3226(5) 53(1) 
C(15) 1207(3) 4736(2) 3389(5) 51(1) 
C(16) 1855(3) 4770(2) 4967(5) 57(1) 
C(17) 1711(3) 4311(2) 6358(5) 52(1) 
C(18) 1399(4) 5224(2) 1843(6) 70(1) 
 
Table 7.3 Anisotropic displacement parameters (Å2x 103) for 8-
Bromonaphthalene-1-carbaldehyde (4- methylphenylsulfonyl)hydrazone.  The 
anisotropic displacement factor exponent takes the form:  -22[ h2 a*2U11 + ...  
+ 2 h k a* b* U12 ] 
__________________________________________________________________  
 U11 U22  U33 U23 U13 U12 
__________________________________________________________________  
Br(1) 65(1)  56(1) 204(1)  22(1) 9(1)  -7(1) 
S(1) 45(1)  49(1) 53(1)  5(1) 9(1)  6(1) 
O(1) 68(2)  62(2) 49(1)  -2(1) 12(1)  14(1) 
O(2) 47(1)  67(2) 84(2)  16(2) 11(1)  0(1) 
N(1) 45(2)  45(2) 48(2)  1(1) 3(1)  2(1) 
N(2) 44(2)  43(2) 54(2)  -1(1) 3(1)  2(1) 
C(1) 46(2)  52(2) 45(2)  -3(2) 2(2)  4(2) 
C(2) 47(2)  54(2) 68(2)  -4(2) 1(2)  1(2) 
C(3) 69(3)  60(3) 90(3)  -11(2) -1(2)  16(2) 
C(4) 57(3)  88(3) 88(3)  -11(3) 6(2)  20(2) 
C(5) 40(2)  94(4) 86(3)  -9(3) 4(2)  1(2) 
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C(6) 47(2)  65(2) 57(2)  -4(2) 0(2)  -4(2) 
C(7) 54(2)  73(3) 81(3)  2(2) 3(2)  -13(2) 
C(8) 74(3)  53(2) 101(3)  -2(2) 6(3)  -17(2) 
C(9) 60(2)  50(2) 77(3)  0(2) 7(2)  3(2) 
C(10) 47(2)  46(2) 46(2)  -6(2) 2(2)  1(2) 
C(11) 49(2)  44(2) 44(2)  0(2) -1(2)  5(2) 
C(12) 43(2)  42(2) 49(2)  2(2) 6(2)  7(1) 
C(13) 45(2)  50(2) 57(2)  2(2) 4(2)  1(2) 
C(14) 54(2)  58(2) 47(2)  -2(2) -2(2)  10(2) 
C(15) 56(2)  45(2) 55(2)  3(2) 13(2)  14(2) 
C(16) 55(2)  48(2) 69(2)  -1(2) 7(2)  -5(2) 
C(17) 52(2)  50(2) 55(2)  -2(2) -4(2)  -1(2) 




Table 7.4 Bond lengths [Å] and angles [°] for 8-Bromonaphthalene-1-
carbaldehyde (4- methylphenylsulfonyl)hydrazone  
__________________________________________________________________
Br(1)-C(2)  1.900(4) 
S(1)-O(2)  1.423(3) 
S(1)-O(1)  1.430(3) 
S(1)-N(2)  1.640(3) 
S(1)-C(12)  1.751(3) 
N(1)-C(11)  1.271(4) 
N(1)-N(2)  1.400(4) 
C(1)-C(2)  1.425(5) 
C(1)-C(6)  1.430(5) 
C(1)-C(10)  1.436(5) 
C(2)-C(3)  1.355(5) 
C(3)-C(4)  1.396(6) 
C(4)-C(5)  1.345(7) 
C(5)-C(6)  1.416(6) 
C(6)-C(7)  1.408(6) 
C(7)-C(8)  1.343(6) 
C(8)-C(9)  1.394(6) 
C(9)-C(10)  1.372(5) 
C(10)-C(11)  1.472(5) 
C(12)-C(13)  1.380(5) 
C(12)-C(17)  1.386(5) 
C(13)-C(14)  1.373(5) 
C(14)-C(15)  1.385(5) 
C(15)-C(16)  1.377(5) 
C(15)-C(18)  1.509(5) 
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8.1  Chemicals and Solvents 
Chemicals were purchased from the commercial suppliers (Aldrich, Baker, Fluka, 
Lancaster, Merck etc.). Solvents were obtained locally and distilled before use. 
When very pure chemicals or anhydrous solvents were required, they were 
purchased or purified by standard procedures. Ether was withdrawn directly from 
absolute pure ether and passed through alumina (basic). THF was dried over KOH, 
fractionated and passed through alumina (basic). Pentane was withdrawn directly 
from the anhydrous pentane. Dichloromethane was dried over CaCl2 and re-
distilled from P2O5, and passed through alumina (basic). 
 
8.2 Spectroscopy  
Infrared spectra were measured on Perkin Elmer 1310 infrared Spectrometer. IR 
bands are reported with an indication of their wavenumbers, ύ (cm-1). 
 
1H NMR and 13C NMR spectra were recorded on 300 MHz Bruker ACF300 
spectrometer. The data were presented as follows: chemical shift (δ), multiplicity, 
number of protons, coupling constants in Hz and position of protons. 




Mass spectra were recorded on a VG 7035E Micromass mass spectrometer at a 
source temperature of 2000C and an ionizing energy of 70eV. Elemental analyses 
were performed on a Perkin-Elmer Model 240C analyzer.  
 
The HeI/HeII photoelectron spectra were recorded on the Vacuum Generators UV-
G3 spectrometer and calibrated with small amounts of Xe or Ar gas which were 
added to the sample flow.  The spectral resolution in HeI and HeII spectra was 25 
meV and 70 meV, respectively when measured as FWHM of the 3p-1 2P3/2 Ar+ ← 
Ar (1S0) line. The resolution in the HeII spectra was always inferior to HeI, which 
implies that certain bands that are well resolved in HeI may become unresolved in 
the corresponding HeII spectrum. The sample inlet temperatures were in the range 
70-1000C. These temperatures were necessary in order to obtain sufficient vapour 
pressure in the ionization region.  For the assignment of photoelectron spectra, full 
geometry optimization was performed using the DFT method at B3LYP/6-31G* 
level. Subsequently, a single point Green’s functions (GF) type calculation9 using 
the 6-311G* basis set was performed in order to obtain vertical ionization energies. 








8.3 Synthetic Procedures  
 




10.101g of 1,8-naphthalic anhydride was suspended in a hot solution of 7.178g 
sodium hydroxide in 300ml water and was heated and stirred untill all the solids 
dissolved. The excess base was neutralized with 5ml of glacial acetic acid to pH 
6.5-7. A hot solution of 11.004g mercury(II)oxide in 50ml water and 25ml glacial 
acetic acid was poured into it as one portion. The white slurry was stirred and 
refluxed for another 48h to drive CO2 out. The product (18.4g, yield 98.4%) was 




17.316g of anhydro-8-(hydroxymercuri)-1-naphthoic acid was suspended in 
68.4ml of glacial acid and 12ml water and stirred vigorously at 00C. A solution of 
2.64ml bromine and 31.06g sodium bromide in 57ml of water was added into the 
white slurry for 2.5h at 0-50C. After addition, the mixture was stirred and slowly 
heated for another 3h. The slurry turned into an orange-red solution. The solution 
was poured onto 136.6g of ice and deposit dissolved in a hot solution of 10.93g 
sodium hydroxide in 23ml water. The hot solution was filtered with celite and the 
filtrate was acidified with 28ml of concentrated (37%) hydrochloric acid. White 
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crystals deposited in quantity when the acid was added. After cooling the mixture, 
white crystals were filtered, washed with water and dried in the oven at 750C  
yielding 5.704g of crude product 1-bromo-8-naphthoic acid (yield: 47.1%). Mp: 
157- 1620C. IR ( KBr, cm-1): 3493, 3057, 2923, 2687, 2565, 1694, 1563, 1500, 
1460, 1412, 1364, 1331, 1296, 1215, 1202, 1153, 1065, 1000, 937, 899, 822, 757, 
676, 656; 1H NMR (CDCl3, 300MHz) δ7.97 ( dd, 1H, of aromatic ring, J= 1.2, 
8.4Hz), 7.89 ( dd, 1H, of aromatic ring, J= 1.2, 7.4Hz), 7.86 ( dd, 1H, of aromatic 
ring, J= 1.2,7.4Hz), 7.77 (dd, 1H, of aromatic ring, J= 1.2,7.4Hz),  7.50 ( dt, 1H, 




A solution of 1-bromo-8-naphthoic acid (2.80g) was suspended in 30ml of thionyl 
chloride, and the solution was stirred and refluxed for 6h under inert atmosphere. 
The solution was concentrated under reduced pressure and yielded 8-bromo-1-
naphthoyl chloride as brown crystals (. 1H NMR (CDCl3, 300MHz) δ7.75 ( d, 1H, 
of aromatic ring, J= 8.1Hz), 7.72 ( d, 1H, of aromatic ring, J= 7.4Hz), 7.66 ( d, 1H, 
of aromatic ring, J= 6.6Hz), 7.63 (d, 1H, of aromatic ring, J= 7.4Hz),  7.35 ( t, 1H, 




The 8-bromo-1-naphthoyl chloride was dissolved in 15ml of ether and added into a 
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solution of 1.00g LiAlH4 in 20ml of ether under refluxing. After addition was 
completed, the mixture was refluxed for another 5h, cooled and the excess LiAlH4 
removed by adding saturated Na2SO4 solution. The mixture was extracted with 
ether three times and dried by MgSO4. Evaporation of ether extract yielded pale 
yellow crude product (2.636g). After column separation with H:E=2:1 eluent, (8-
bromo-1-naphthyl) methanol was obtained as white crystals (1.8196g, Rf=0.52), 
yield 69%. MS m/e 236 (55%, M+), 206.9 (22), 184 (1), 156 (81), 101 (12), 78.5 
(21), 63(32), 40 (10); 1H NMR (CDCl3, 300MHz) δ7.87 ( dd, 1H, of aromatic ring, 
J= 1.2, 8.4Hz), 7.84 ( d, 1H, of aromatic ring, J= 8.1Hz), 7.82 ( d, 1H, of aromatic 
ring, J= 7.9Hz), 7.70 (d, 1H, of aromatic ring, J= 6.9Hz),  7.48 ( t, 1H, of aromatic 
ring, J= 7.9Hz), 7.29 ( t, 1H, of aromatic ring, J= 7.9Hz), 5.45 (s, 2H, of methanol 
group), 13C NMR (CDCl3, 75MHz) δ136.74 (C of aromatic group), 136.67 (C of 
aromatic ring), 133.66 (CH of aromatic ring), 130.45 (CH of aromatic ring), 130.00 
(CH of aromatic ring), 129.62 (C of aromatic ring), 127.42 (C of aromatic ring), 
126.01 (CH of aromatic ring), 125.77 (CH of aromatic ring), 117.98 (C of aromatic 





1-Bromo-8-methylnaphthalene was obtained as byproduct from the reduction  
aromatic ring, J= 1.2, 7.6Hz), 7.79 (dd, 1H, of aromatic ring, J= 1.0, 8.2Hz), 7.72 
( m, 1H, of aromatic ring), 7.36 (m, 2H, of aromatic ring, J= 7.6Hz),  7.23 ( t, 1H, 
of aromatic ring, J= 7.9Hz), 3.13(s, 3H, of methyl group), 13C NMR (CDCl3, 
75MHz) δ133.29(CH of aromatic ring), 130.86(CH of aromatic ring), 129.21(CH of 
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aromatic ring), 127.97(CH of aromatic ring), 125.87(CH of aromatic ring), 






(i) 40ml of chlorox (5.25% aqueous solution of sodium hypochlorite) was added 
into a solution of 0.8092g (8-bromo-1-naphthyl) methanol in 40ml ethyl acetate. 
After introduction of benzyltriethylammonium chloride for phase transfer, the 
mixture was stirred vigorously for 60h and pentane was added. The organic layer 
was washed with water, dried with Na2SO4, and concentrated. The crude product 
0.7000g was dissolved in Hexane: EA=3:1 solution, and column chromatographed 
with Hexane: EA=3:1 solution. The first fraction (Rf=0.68, 0.1203g) was 
prismatic crystals corresponding to 8-bromo-1-naphthaldehyde, yield 15%. The 
second fraction (Rf=0.47, 0.5406g) was the starting material (8-bromo-1-naphthyl) 
methanol. 
 
(ii) 0.1890g of (8-bromo-1-naphthyl) methanol was dissolved in toluene and was 
catalytically oxidized. The crude product was chromatographed with 
Hexane:EA=3:1 solution and the aldehyde was collected (0.1009g, 53.96%, 
Rf=0.68). 1H NMR (CDCl3, 300MHz) δ11.44 ( s, 1H, of CHO group), 8.03 ( dd, 1H, 
of aromatic ring, J= 1.3, 8.2Hz), 7.90 ( m, 3H, of aromatic ring), 7.55 (t, 1H, of 
aromatic ring, J= 7.6Hz),  7.38 ( t, 1H, of aromatic ring, J= 7.9Hz), 13C NMR 
(CDCl3, 75MHz) δ192.01 (C of CHO group), 136.08 (CH of aromatic ring), 135.71 
(C of aromatic ring), 133.62 (CH of aromatic ring), 133.21 (C of aromatic ring), 
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130.48 (CH of aromatic ring), 129.76 (C of aromatic ring), 128.85 (CH of aromatic 
ring), 126.93 (CH of aromatic ring), 125.91 (CH of aromatic ring), 118.31 (C of 










0.11g p-toluenesulphonyl hydrazide was added to the solution of 0.1350g 8-bromo-
1-naphthaldehyde in 4ml 95% ethanol and the mixture was warmed. After addition 
of concentrated hydrochloric acid (3 drops), the solution was cooled with ice, and 
white crystals precipitated from the solution. The crude product (1.4839g) was 
chromatographed with Hexane:EA=2:1 solution. 8-Bromo-1-naphthaldehyde came 
out first (RF=0.67). The second fraction was collected and evaporated to yield the 8-
bromo-1-naphthaldehyde p-tosylhydrazone as white solid (0.2111g, yield 91.6%, RF 
=0.49). Recrystallization of the solid from methanol yielded needle-like white 
crystals, mp 193-1950C (dec). 1H NMR (CDCl3, 300MHz) δ9.06 (s, 1H, -CH=N-), 
7.91 (d, 2H, of aromatic ring, J= 8.2Hz), 7.85 (dd, 1H, of aromatic ring, J= 1.3, 
8.9Hz), 7.80 (t, 1H, of aromatic ring, J= 8.7Hz), 7.78 (d, 1H, of aromatic ring, J= 
7.0Hz), 7.68 (d, 1H, of aromatic ring, J= 7.2Hz), 7.49 (t, 1H, of aromatic ring, J= 
7.9Hz), 7.37 (d, 2H, of aromatic ring, J= 9.2Hz), 7.28 (d, 1H, of aromatic ring, J= 
7.7Hz), 2.43 (s, 3H, of methyl group) 13C NMR (CDCl3, 75MHz) δ150.07 (C of 
aromatic group), 130.91 (C of aromatic ring), 129.80 (CH of aromatic ring), 123.01 
(C of aromatic ring), 122.24 (CH of aromatic ring), 35.17 (C of -CH=N-), 30.92 (C 
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of methyl) 









0.0182g of sodium hydride was washed with pentane and dissolved in dry 
dichloromethane. The solution was stirred and cooled to 00C. 0.3072g of 
hydrazone was added very slowly into the solution. The solution turned yellow 
and hydrogen was released. The mixture was stirred until the evolution of 
hydrogen ceased. The resulting yellow solution was evaporated to dryness, 
yielding pale yellow solid as the sodium 8-bromo-1-naphthaldehyde p-
tosylhydrazonate, 0.3039g, yield 93.8%. This sodium 8-bromo-1-naphthaldehyde 
p-tosylhydrazonate was used as the starting material of photolysis for 1-Bromo-
1H-cyclobuta[de]naphthalene. 1H NMR (CDCl3, 300MHz) δ9.06 (s, 1H, -CH=N-), 
7.91-7.77 (m, 4H, of aromatic ring), 7.68 (d, 1H, of aromatic ring, J= 6.7Hz), 7.48 
(t, 2H, of aromatic ring, J= 7.9Hz), 7.33 (d, 2H, of aromatic ring, J= 8.4Hz), 7.28 





0.5062g of sodium 8-bromo-1-naphthaldehyde p-tosylhydrazonate was prepared. 
After being suspended in 30ml of anhydrous ethyl ether, the sodium 8-bromo-1-
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naphthaldehyde p-tosylhydrazonate was irradiated with 350À mercury lamp under 
nitrogen. The reaction was monitored by TLC plate using Hexane. After 72h the 
irradiation was halted and the solvent was evaporated, yielding 0.4333g of crude 
product as brown oil.  
 
The crude product was chromatographed with Hexane first. The first fraction (RF= 
0.55 in hexane, 0.0189g, yield 7.3%) was eluted with hexane and was the 1-
Bromo-1H-cyclobuta[de]naphthalene. Then the column was eluted with 
Hexane:EA=2:1 solution. The second fraction was the aldehyde as yellow oil-like 
crystals, RF=0.68, 0.0789g. The third fraction was the hydrazone, RF=0.53, 
0.3251g, and was recrystallized from methanol at -200C as pale yellow crystals for 
the production of the sodium 8-bromo-1-naphthaldehyde p-tosylhydrazonate. 1H 
NMR (CDCl3, 300MHz) δ7.68 (d, 2H, of aromatic ring, J= 8.4Hz), 7.58 (dt, 2H, 
of aromatic ring, J= 2.0, 8.4Hz), 7.22 (d, 2H, of aromatic ring, J= 6.4Hz), 6.80(s, 
1H, -CHBr-), 13C NMR (CDCl3, 75MHz) δ143.47 (C of aromatic group), 131.37 
(CH of aromatic ring), 129.78 (CH of aromatic ring), 126.13 (C of aromatic ring), 
122.91 (CH of aromatic ring), 122.23(CH of aromatic ring), 115.68(CH of 
aromatic ring), 115.35(CH of aromatic ring), 51.95(CH of –CHBr-) 
 
1, 8- Dibromonaphthalene  
 
17.316g of anhydro-8-(hydroxymercuri)-1-naphthoic acid was suspended in 
68.4ml glacial acid and 12ml water and was stirred vigorously at 00C. A solution 
of 2.64ml bromine and 31.06g sodium bromide in 57ml water was added into the 
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white slurry for 2.5h at 0-50C. After addition, the mixture was stirred and slowly 
heated for another 3h. The slurry turned into an orange-red solution. The solution 
was poured onto 136.6g ice and the deposit dissolved in a hot solution of 10.93g 
sodium hydroxide in 23ml water. The hot solution was filtered with Celite and 
extraction of the Celite with ether (75ml) and concentration of the extract yielded 
1,8-dibromonaphthalene as pale yellow crystals (1.25g, yield 9.34%). mp: 102-
1030C (lit.1 106-1090C). IR ( Chloroform, cm-1): 3019, 2400, 1520, 1422, 1217, 
929, 851, 779, 737, 669, 627; 1H NMR (CDCl3, 300MHz) δ7.96 (dd, 2H, of 
aromatic ring, J= 1.2, 7.4Hz), 7.84 (dd, 2H, of aromatic ring, J= 1.1, 8.2Hz), 7.30 
(t, 2H, of aromatic ring, J= 8.5Hz) 13C NMR (CDCl3, 75MHz) δ137.11 (C of 
aromatic group), 135.34 (CH of aromatic ring), 129.58 (CH of aromatic ring), 
128.95 (C of aromatic ring), 126.40 (CH of aromatic ring), 119.54(C of aromatic 
ring) 
 
2, 6- Di- tert- butylnaphthalene 
 
18.28g of naphthalene was dissolved in 26.43ml of t-butyl chloride with warming 
and stirring. As soon as the solid was dissolved the heating was discontinued and 
0.1g of anhydrous aluminum chloride added. The solution turned brown 
immediately and hydrogen chloride was produced vigorously. When the reaction 
subsided, another 0.1g of anhydrous aluminum chloride was added until the 
evolution of hydrogen chloride stopped. After about 1g of aluminum chloride was 
added, the solution became a cream-like mixture. The mixture was filtered and 
recrystallized from methanol, yielding 7.9828g of white prism crystals, which was 
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the 2.6-di-tert-butylnaphthalene. ( yield: 23.24%, mp 80-820C) 1H NMR (CDCl3, 
300MHz) δ7.77 (d, 2H, of aromatic ring, J=8.2Hz), 7.76 (d, 2H, of aromatic ring, 
J=1.9Hz), 7.57 (dd, 2H, of aromatic ring, J=1.9, 8.2Hz), 1.4 (s,18H, of t-butyl 
group) 13C NMR (CDCl3, 75MHz) δ147.82 (C of aromatic group), 131.45 (C of 
aromatic ring), 127.45 (CH of aromatic ring), 124.60 (CH of aromatic ring), 
122.25 (CH of aromatic ring), 34.67 (C of t-butyl), 31.20 (C of methyl) 
 
1, 5- Dibromo-3, 7- di- tert- butylnaphthalene 
 
A solution of 10 ml bromine in 20ml dichloromethane was added to a solution of 
5g 2, 6-di-tert-butylnaphthalene(0.022mol) in 30ml dichloromethane containing 
0.05g AlCl3 for 110min, and was stirred for 18h at room temperature. The solution 
was quenched with water, washed with saturated sodium carbonate solution four 
times, and dried with sodium sulfate. Evaporation of the solvent yielded the crude 
product as yellow crystals (8.1230g), which was recrystallized from hexane and 
yielded the 1,5-dibromo-3,7-di-tert-butylnaphthalene as colorless crystals 
(4.0009g, yield 48.3% ), mp 203-2070C. 1H NMR (CDCl3, 300MHz) δ8.11 (d, 2H, 
of aromatic ring, J=1.7Hz), 7.88 (d, 2H, of aromatic ring, J=1.4Hz), 1.42 (s, 18H, 
of t-butyl group) 13C NMR (CDCl3, 75MHz) δ150.07 (C of aromatic group), 
130.91 (C of aromatic ring), 129.80 (CH of aromatic ring), 123.01 (C of aromatic 
ring), 122.24 (CH of aromatic ring), 35.17 (C of t-butyl), 30.92 (C of methyl) 








To a stirred solution of 1.9g of 1,5-dibromo-3,7-di-tert-butylnaphthalene in 38ml 
of dry benzene at room temperature was added anhydrous AlCl3. The mixture was 
stirred for 1h and then poured onto ice-water. This mixture was stirred for five 
minutes and the organic layer was washed with water and dried with Na2SO4. 
Removal of the organic solvent yielded a brown crude product 1.3481g. 
Recrystallization of the crude product from ethanol yielded 1,5-
dibromonaphthalene as white crystals (0.76g, yield 55.9%), mp 128-1300C. 1H 
NMR (CDCl3, 300MHz) δ8.27 (d, 2H, of aromatic ring, J=8.7Hz), 7.86 (d, 2H, of 
aromatic ring, J=7.3Hz), 7.46 (t, 2H, of aromatic ring, J=7.6Hz), 13C NMR 
(CDCl3, 75MHz) δ133.07 (C of aromatic group), 130.90 (CH of aromatic ring), 
127.41 (CH of aromatic ring), 127.31 (C of aromatic ring), 122.99 (CH of 
aromatic ring) 
 
(1-Bromonaphthalen-8-yl) methyl 8-bromonaphthalene-1-carboxylate  
 
A solution of 8-bromo-1-naphthoic acid (2.8002g) and thionyl chloride (30ml) 
was refluxed for 10h and concentrated under reduced pressure to yield 8-bromo-1-
naphthoyl chloride as brown crystals. This chloride was dissolved in ethyl ether 
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(20ml), and added to lithium aluminum hydride (3.0001g) suspended in 20ml 
ethyl ether. The mixture was refluxed for 10h and cooled. The excess lithium 
aluminum hydride was removed by slow adding of saturated sodium sulfate 
solution. After extracting with ethyl ether 3 times, the organic layer was dried with 
MgSO4 and concentrated under reduced pressure, yielding pale yellow crude 
product 2.4318g.  
 
The crude product was chromatographed with Hexane: Ethyl Acetate=6:1 solution. 
Two main fractions were collected, the first fraction was yellow oil (0.1499g, 
Rf=0.52), the second fraction was the main fraction (2.0005g, yield 75.7%, Rf= 0.34) 
and was the (8-bromo-1-naphthyl) methanol. Immediately after the chromatography 
white crystals (0.0397g, 0.77%) came out in the first several tubes of the second 
fraction. The crystals were collected and the structure was solved by XRD. It was 
confirmed to be an unknown compound (1-bromonaphthalen-8-yl) methyl 8-
bromonaphthalene-1-carboxylate, mp 167-1690C. IR(KBr pellet, cm-1) 2925(-CH2-, 
m), 1717(C=O, s), 1630(m), 1498(m),  1458(m),  1363(m), 1330(m), 1276(s), 
1190(s), 1144(s), 1081(m), 948(m), 817(s), 756(s),  662(m),  565(w); IR(chloroform, 
cm-1) 3019, 1718(C=O, s), 1331(w), 1275(C-O, m), 1215(ester,  s),1145(C-O, s), 
1082(w), 818(aromatic ring, m), 754(aromatic ring, s), 668(C-Br, s);    
1H  NMR(CDCl3, 300MHz) δ7.95- 7.76(m, 8H, of aromatic ring), 7.52(t, 1H, of 
aromatic ring,  J=7.6Hz), 7.47(t,1H,of aromatic ring, J=7.6Hz), 7.33(t, 1H,of 
aromatic ring, J=7.6Hz), 7.27(t, 1H, of aromatic ring, J= 7.6Hz),6.32(s, 2H, of 
ethyl); 13C NMR(CDCl3, 75MHz) δ182.83(C=O of acetyl group), 136.59(C of 
aromatic ring), 135.53(C of aromatic ring),  134.14(CH of aromatic ring), 
133.13(CH of aromatic ring), 131.32(CH of aromatic ring),  131.14(CH of aromatic 
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ring), 130.81(CH of aromatic ring), 129.47(CH of aromatic ring),  128.63(CH of 
aromatic ring), 128.49(CH of aromatic ring), 126.65(CH of aromatic ring),  
125.97(CH of aromatic ring), 125.77(CH of aromatic ring), 125.39(CH of aromatic 
ring), 119.52(C of aromatic ring), 118.50(C of aromatic ring), 67.98(-CH2-) 
 
1, 8- Naphthalenedimethanol 
 
0.783g 1,8-naphthalic anhydride was dissolved in 25ml anhydrous THF and was 
added into a refluxed solution of 1.542g LiAlH4 in anhydrous ether. After the 
addition was finished, the mixture was under refluxing for another ten hours and 
cooled. The excess LiAlH4 was destroyed by adding saturated Na2SO4 solution. The 
mixture was extracted with EA three times, washed with water, dried with Na2SO4 
overnight. Evaporation of the solvent yielded pale yellow crude product 0.6515g. 
The crude product was columned with Hexane:EA=1:2 solution and the two 
fractions were separately collected (first fraction:0.06g; second fraction 0.4243g). 
The NMR showed that the second fraction (0.4243g) was the 1,8-
naphthalenedimethanol, yield 74.34%. MS m/e 188 (2%, M+), 170 (10), 156 (30), 
142 (60), 115(20); 1H NMR (CDCl3, 300MHz) δ7.90 (dd, 2H, of aromatic ring, J= 
1.2, 8.1Hz), 7.58 (dd, 2H, of aromatic ring, J= 1.2, 6.9Hz), 7.48 (t, 2H, of aromatic 
ring, J= 8.0Hz), 5.31 (d, 4H, of -CH2-OH, J= 5.3Hz), 13C NMR (CDCl3, 75MHz) 
δ136.46 (C of aromatic group), 130.90 (CH of aromatic ring), 130.71 (CH of 




Oxidation of 1, 8- naphthalenedimethanol 
O O
 
0.1830g of 1,8-naphthalenedimethanol was dissolved in 15ml tert-butanol and was 
oxidized by Catalyst Ru/Zr(OH)4 5%  0.1g at 800C for 6 hours. Recrystallization 
of the solvent yielded a light yellow product, 0.1190g. 
 
The crude product was columned with Hexane:EA=3:1 solution yielding two 
major fractions. First fraction was the main fraction (Rf=0.44, 0.0745g, yield 41%) 
and was the benzo[de]isochromen-1(3H)-one. 1H NMR (CDCl3, 300MHz) δ8.37 
(d, 1H, of aromatic ring, J= 7.3Hz), 8.09 (d, 1H, of aromatic ring, J= 8.3Hz), 7.83 
(d, 1H, of aromatic ring, J= 8.3Hz), 7.64 (t, 1H, of aromatic ring, J= 7.6Hz),  
7.55(t, 1H, of aromatic ring, J= 7.3Hz), 7.35(dd, 1H, of aromatic ring, J=1.0, 
7.3Hz), 5.77(s, 2H, of -CH2-O-CO-), 13C NMR (CDCl3, 75MHz) δ164.07(C of –
COO-), 133.43(CH of aromatic ring), 131.90(C of aromatic ring), 129.01(CH of 
aromatic ring), 128.21(C of aromatic ring), 127.05 (C of aromatic ring), 
126.63(CH of aromatic ring), 126.44(CH of aromatic ring), 126.42(CH of 
aromatic ring), 121.43(CH of aromatic ring), 120.06(C of aromatic ring),  69.95 




A solution of 1.0g of 2H-naphtho[1,8-cd]isothiazole 1,1-dioxide in 15ml of 
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anhydrous THF was added dropwise into a solution of 2.0g LiAlH4 in 25ml 
anhydrous ether during a period of 1h under refluxing. After the addition, the green-
yellow mixture was stirred under refluxing for another hour. The yellow-green 
mixture was cooled with ice bath. 10ml of water was added slowly to destroy the 
excess LiAlH4, and 4N H2SO4 solution to neutralize the base. The solution was 
extracted with ether three times and washed with water. Evaporation of the solvent 
yielded 0.98g of orange crystals (yield ~100%). The compound was easily oxidized 
when exposed to air and turned quickly into black solid. Therefore it should be used 
immediately for the next step. 1H NMR (CDCl3, 300MHz) δ8.10(d, 1H, of aromatic 
ring, J= 8.4Hz), 7.98(d, 1H, of aromatic ring, J= 7.2Hz), 7.78(t, 1H, of aromatic 







A solution of 0.77ml of isopentyl nitrite in 15ml of 1,2-dichloroethane was added 
dropwise into a solution of 0.98g 1-amino-8-naphthalenethiol in 25ml 1,2-
dichloroethane for 1 hour. Then the mixture was stirred overnight. The resulting 
deeply coloured mixture was evaporated to yield a dark colored solid. 
Chromotography with 6:1 hexane:EA on silica gel yielded red crystals as the 
naphtha[1,8-de]-1,2,3-thiadiazine.(0.44g, yield 42%), which was the starting 
material for the photolysis reaction leading to sulfur bridged naphthalene, which 
can be recrystallized from cyclohexane. Mp: 1490C(dec), 1H NMR (CDCl3, 
300MHz) δ7.64(dt, 2H, of aromatic ring, J= 1.2, 8.2Hz), 7.45(dt, 1H, of aromatic 
ring, J= 1.2, 7.2Hz), 7.35(d, 1H, of aromatic ring, J= 8.4Hz), 7.22(dt, 1H, of 
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aromatic ring, J= 1.2, 7.2Hz),  6.62(dd, 1H, of aromatic ring, J= 1.0, 7.2Hz), 13C 
NMR(CDCl3, 75MHz) δ133.23(CH of aromatic ring), 131.44(CH of aromatic ring), 
127.90(CH of aromatic ring), 127.22(CH of aromatic ring), 124.86(CH of aromatic 
ring), 115.79(CH of aromatic ring). 
 




A solution of 190mg of m-chloroperoxybenzoic acid in 25ml dichloromethane 
was added in to a solution of 180mg of naphtho[1,8-de]-1,2,3-thiadiazine in 25ml 
dichloromethane during 15min. Then the mixture was stirred for another hour. 
After the reaction was completed, the mixture was washed with sodium 
bicarbonate solution, followed by water. Evaporation of the solvent gave yellow 
solid. Chromatographing with toluene gave the naphtha[1,8-bc]thiete 1,1-dioxide 
as a pale yellow crystals (0.122g, yield 65%). Recrystallization from hexane 
yielded pale yellow needles, mp 181-1820C. MS m/e 190 (100%, M+), 174 (4), 
162(88), 134 (90), 126(94), 114 (38), 102(27), 76 (37); Anal. Calcd for C10H6SO2: 
C, 63.27% (63.15%); H, 4.31% (3.15%); S, 16.79% (16.84%). 1H NMR (CDCl3, 
300MHz) δ7.98(d, 2H, of aromatic ring, J= 8.4Hz), 7.76(t, 2H, of aromatic ring, 
J= 7.2Hz), 7.63(d, 2H, of aromatic ring, J= 6.9Hz), 13C NMR (CDCl3, 75MHz) 








A solution of 0.0154g of naphtho[1,8-de]-1,2,3-thiadiazine in 10ml acetone(8.3 × 
10-3 M)was irradiated in the UV reactor (wavelength 254nm). The reaction was 
halted after three hours’ irradiation. The solution was cooled and evaporated. The 
crude product was chromatographed with pure hexane. The first fraction (Rf= 0.62) 
was collected as a pale yellow oil, 0.0142g (yield: ~100%). Recrystallization of this 
fraction from a mixed solvent of hexane and chloroform at 00C yields pure sulfur 
bridged naphthalene as colorless crystals, m.p.: 43-450C (lit7. m.p. 40-420C). 1H 
NMR (CDCl3, 300MHz) δ7.56(d, 2H, of aromatic ring, J= 8.6Hz), 7.46(dt, 2H, of 
aromatic ring, J=1.8, 6.6Hz), 7.23(d, 2H, of aromatic ring, J= 6.8Hz), 13C NMR 
(CDCl3, 75MHz) δ138.58(C of aromatic group), 136.48(C of aromatic ring), 
130.22(CH of aromatic ring), 124.73(C of aromatic ring), 122.17(CH of aromatic 






0.0091g of sulfur bridged naphthalene was dissolved in 2ml hexane and stirred; 
0.0094g of m-chloroperybenzoic acid dissolved in 2ml dichloromethane was added 
in after 5 minutes. The pale yellow solution was stirred at room temperature. TLC 
was used to monitor the reaction, at the beginning there was a spot when eluted 
with hexane(Rf=0.52), after 15 minutes, the spot of the sulfur bridged naphthalene 
began to disappear and there were three spots on TLC plate eluted with Hexane: 
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EA=6:1. After the reaction, the TLC plate showed no existence of the starting 
material. The crude product was chromatographed with dichloromethane and two 
fractions were collected, the first one contained green impurities, 0.0005g, the 
second fraction was the naphtha[1,8-bc]thiete 1-oxide(Rf= 0.75) as white 
crystals(0.0055g, yield 55%). 1H NMR (CDCl3, 300MHz) δ7.93(d, 2H, of aromatic 
ring, J= 8.0Hz), 7.70(t, 2H, of aromatic ring, J=7.0Hz), 7.64(d, 2H, of aromatic ring, 
J= 7.0Hz); 13C NMR (CDCl3, 75MHz) δ130.21(CH of aromatic ring), 126.40(CH 




A solution of 0.70g of naphtho[1,8-de]-1,2,3-thiadiazine in 20ml di(ethylene glycol) 
dimethyl ether was stirred and heated under reflux overnight under nitrogen. After 
the reaction mixture was cooled, it was extracted with 200ml of ether, then with 
water, and dried over MgSO4. Evaporation of the solvent yielded red solid as the 
crude product. The crude product was chromatographed with hexane. The first 
fraction was naphtho[1,8-cd][1,2]dithiole as red crystals (0.32g, yield 44%). MS 
m/e 190 (100%, M+), 158(3), 145(14), 126(4), 114(12), 95(21), 40(13); 1H NMR 
(CDCl3, 300MHz) δ7.38 (dd, 2H, of aromatic ring, J= 0.7, 8.0Hz), 7.31(t, 2H, of 
aromatic ring, J= 7.3Hz), 7.18(d, 2H, of aromatic ring, J= 7.2Hz); 13C NMR 
(CDCl3, 75MHz) δ144.01(C of aromatic ring), 135.66(C of aromatic ring), 
134.68(C of aromatic ring).127.84(CH of aromatic ring), 121.58(CH of aromatic 
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